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(57) ABSTRACT 
A light-emitting device includes: a light-emitting element 
including a transparent electrode, a reflecting electrode, and 
an organic layer that includes a light-emitting layer; a trans 
parent multilayer body including a low-refractive-indeX layer 
and a high-refractive-indeX layer, the high-refractive-index 
layer being provided in contact with the transparent elec 
trode; a first uneven structure at an interface between the 
low-refractive-index layer and the high-refractive-index 
layer, the first uneven structure including depressions and 
projections, a height of each of the projections relative to the 
depressions being 400 nm or more; and a second uneven 
structure at an interface between the reflecting electrode and 
the organic layer, the second uneven structure including 
depressions and projections, a height of each of the projec 
tions relative to the depressions in the second uneven struc 
ture being 20 nm or more and 100 nm or less. 
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LIGHT-EMITTING DEVICE 

This application claims priority to Japanese Patent Appli 
cations No. 2013-267350, filed on Dec. 25, 2013, and No. 
2013-267351, filed on Dec. 25, 2013, the contents of each of 5 
which are hereby incorporated by reference. 

BACKGROUND 

1. Technical Field 10 

The present disclosure relates to a light-emitting device 
Such as an organic electroluminescence element (hereafter 
referred to as “an organic EL element'). 

2. Description of the Related Art 
Organic EL elements have been examined for application 

to various light-emitting devices and have been practically 
used as light-emitting devices. For example, organic EL ele 
ments are used for flat panel displays, backlight units for 
liquid crystal displays, and light Sources for illumination. 2O 

15 

SUMMARY 

The present disclosure provides a light-emitting device in 
which generated light can be extracted with a high efficiency. 25 
A light-emitting device according to an aspect of the 

present disclosure includes: a light-emitting element includ 
ing a transparent electrode, a reflecting electrode, and an 
organic layer that includes a light-emitting layer and is sand 
wiched between the transparent electrode and the reflecting 30 
electrode; a transparent multilayer body including a low 
refractive-index layer and a high-refractive-index layer, the 
high-refractive-indeX layer having higher refractive index 
than that of the low-refractive-index layer and being provided 
in contact with the transparent electrode; a first uneven struc- 35 
ture at an interface between the low-refractive-index layer 
and the high-refractive-index layer, the first uneven structure 
including depressions and projections, a height of each of the 
projections relative to the depressions being 400 nm or more; 
and a second uneven structure at an interface between the 40 
reflecting electrode and the organic layer, the second uneven 
structure including depressions and projections, a height of 
each of the projections relative to the depressions in the sec 
ond uneven structure being 20 nm or more and 100 nm or less. 
A light-emitting device according to another aspect of the 45 

present disclosure includes a transparent electrode, a reflect 
ing electrode, and an organic layer that includes a light 
emitting layer and is sandwiched between the transparent 
electrode and the reflecting electrode. An uneven structure is 
formed at an interface between the reflecting electrode and 50 
the organic layer. The uneven structure has an uneven shape in 
which at least two types of unit structures are two-dimension 
ally arranged in a random pattern. Each type of the unit 
structures has a pattern formed by one or more depressions 
and one or more projections. 55 

It should be noted that general or specific embodiments 
may be implemented as a device, a system, a method, or any 
elective combination thereof. 

According to the light-emitting device of the present dis 
closure, generated light can be extracted to the outside with a 60 
high efficiency. 

Additional benefits and advantages of the disclosed 
embodiments will be apparent from the specification and 
Figures. The benefits and/or advantages may be individually 
provided by the various embodiments and features of the 65 
specification and Figures, and need not all be provided in 
order to obtain one or more of the same. 

2 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a sectional view illustrating a structure of an 
organic EL element not according to an embodiment of the 
present disclosure. 

FIG. 2 shows the calculation results about the relationship 
between the distance from an interface between a reflecting 
electrode and an organic layer to a light emission point and 
the proportion at which the energy at the light emission point 
is converted into light without being consumed as a Surface 
plasmon. 

FIG.3 is a sectional view of an organic EL element includ 
ing a periodical uneven structure at an interface between a 
reflecting electrode and an organic layer. 

FIG. 4 shows the distribution of an electric field of a surface 
plasmon. 

FIG. 5 shows the relationship between the pitch of depres 
sions and projections formed on a reflecting electrode made 
of Al or Ag and the proportion of an emission amount. 

FIG. 6 shows the relationship between the height of depres 
sions and projections formed on a reflecting electrode made 
of Ag and the proportion of an emission amount. 

FIG. 7 illustrates paths of light reflected at a reflecting 
electrode in the organic EL element of FIG. 3. 
FIG.8 shows the relationship between the pitch of depres 

sions and projections and the light extraction efficiency in the 
organic EL element of FIG. 3. 

FIG.9 shows the relationship between the height of depres 
sions and projections and the light extraction efficiency in the 
organic EL element of FIG. 3. 

FIG. 10 illustrates a sectional structure of an organic EL 
element disclosed in Patent Document 3. 

FIG. 11 is a sectional view of a light-emitting device 
according to a first embodiment. 

FIG. 12 is a sectional view of a light-emitting device of 
Example 2. 

FIG. 13 is a sectional view of a light-emitting device of 
another Reference Example. 

FIG. 14 shows the relationship between the pitch of a first 
uneven structure and the amount of light extracted through a 
Substrate in light-emitting devices of Examples. 

FIG. 15 shows the relationship between the pitch of a first 
uneven structure and the amount of light extracted through a 
Substrate in light-emitting devices of Examples. 
FIG.16 shows the relationship between the height of a first 

uneven structure and the extraction efficiency in light-emit 
ting devices of Examples. 

FIG. 17 shows the relationship between the pitch of a 
second uneven structure and the extraction efficiency in light 
emitting devices of Examples. 

FIGS. 18A to 18D are sectional views illustrating the pro 
cess in a method for producing the light-emitting device 
according to the first embodiment. 

FIGS. 19A to 19E are sectional views illustrating the pro 
cess in another method for producing the light-emitting 
device according to the first embodiment. 

FIGS. 20A and 20B are sectional views illustrating the 
process in another method for producing the light-emitting 
device according to the first embodiment. 

FIG. 21 is a sectional view of a light-emitting device 
according to a second embodiment. 

FIG. 22 is a plan view illustrating an example of a random 
uneven pattern. 

FIG. 23A is a plan view illustrating an example of an 
uneven pattern in which the amount of low frequency com 
ponents is reduced. 
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FIG. 23B illustrates two types of unit structures in the 
uneven structure illustrated in FIG. 23A. 
FIG.24A is a plan view illustrating another example of an 

uneven structure in which the amount of low frequency com 
ponents is reduced. 

FIG. 24B illustrates two types of unit structures in the 
uneven structure illustrated in FIG. 24A. 

FIG. 25 shows the results of analysis about pitch compo 
nents of random patterns, the analysis being performed by 
Fourier transforming uneven patterns. 

FIG. 26 is a diagram for describing a method for determin 
ing an average pitch from a structure pattern. 

FIG. 27A illustrates an example of a random structure in 
which the basic shape is a regular hexagon. 

FIG. 27B illustrates an example of a random pattern in 
which the formation of large structures is Suppressed by con 
trolling the randomness. 

FIG. 28 is a plan view illustrating an example of an uneven 
structure in which the existence probabilities of the first unit 
structures and the second unit structures in the structure illus 
trated in FIG. 23A are changed to 75% and 25%, respectively. 

FIG. 29 illustrates the amplitude of spatial frequency com 
ponents obtained by Fourier transforming the uneven pattern 
in FIG. 28. 

FIGS. 30A to 30E show five uneven patterns having dif 
ferent proportions of periodical components and the results 
obtained by Fourier transforming the patterns. 

FIG. 31 is a sectional view schematically illustrating a 
structure of a light-emitting device according to a third 
embodiment. 

FIG. 32A illustrates an example of an organic EL element 
in which an uneven structure is further formed on another 
layer in the third embodiment. 

FIG. 32B illustrates another example of an organic EL 
element in which an uneven structure is further formed on 
another layer in the third embodiment. 

FIGS. 33A to 33C illustrate an example of a method for 
producing a light-emitting device including an uneven struc 
ture. 

FIGS. 34A to 34C illustrate another example of a method 
for producing a light-emitting device including an uneven 
Structure. 

FIG. 35 is a sectional view illustrating a structure of an 
organic EL element according to the third embodiment. 

FIG.36 is a plan view illustrating a structure of an electrode 
pattern in the third embodiment. 

FIG. 37 is a diagram for describing the dimensions of the 
electrode pattern having a square lattice shape in the third 
embodiment. 

FIG. 38 illustrates the viewing angle dependence in 
Example 1 and Comparative Example 2 of the third embodi 
ment. 

FIG. 39 shows the measurement results of spectrum-in 
creasing ratios between Example 1 and Comparative 
Example 1 and between Comparative Example 2 and Com 
parative Example 1 in the third embodiment. 

FIG. 40 shows the calculation result of the proportion of an 
emission amount relative to the size W of a structure in each of 
the patterns illustrated in FIGS. 22 and 24A. 

FIG. 41 is a graph showing the dependence of the propor 
tion of an emission amount relative to the height of depres 
sions and projections in the low frequency-removed structure 
illustrated in FIG. 24A. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

The present inventors have thoroughly studied the extrac 
tion of light generated in a light-emitting layer of an organic 
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4 
EL element to the outside with a high efficiency, that is, a 
structure that increases the light extraction efficiency. 

FIG. 1 is a sectional view schematically illustrating a struc 
ture of an organic EL element not according to an embodi 
ment of the present disclosure. As illustrated in FIG. 1, a 
typical organic EL element 100 includes a reflecting electrode 
111, an organic layer 112, a transparent electrode 113, and a 
transparent Substrate 114 stacked in that order. The organic 
layer 112 includes an electron injection layer, an electron 
transport layer, a light-emitting layer, a hole transport layer, 
and a hole injection layer stacked on top of one another (not 
illustrated). Typically, the electron injection layer and the 
electron transport layer are located on the cathode side, the 
hole injection layer and the hole transport layer are located on 
the anode side, and the light-emitting layer is located between 
the electron transport layer and the hole transport layer. Here 
after, the case where the reflecting electrode 111 is a cathode 
and the transparent electrode 113 is an anode will be consid 
ered. It is assumed that the electron transport layer and the 
hole transport layer are located so as to be in contact with the 
cathode and the anode, respectively. The case where the trans 
parent electrode 113 is a cathode and the reflecting electrode 
111 is an anode can also be considered in the same manner. 
The efficiency of organic EL elements is mainly affected 

by three factors such as electrical-to-optical conversion effi 
ciency, drive Voltage, and light extraction efficiency. Regard 
ing the electrical-to-optical conversion efficiency, an organic 
EL element having an external quantum efficiency of more 
than 20% due to the recent advent of a phosphorescent mate 
rial has been reported. Such an external quantum efficiency of 
more than 20% is considered to correspond to an internal 
quantum efficiency of about 100%. This means that an 
example in which the electrical-to-optical conversion effi 
ciency Substantially reaches its limit has been experimentally 
confirmed. 

Regarding the drive Voltage, an element that emits light 
with relatively high luminance at a voltage about 10% to 20% 
higher than a Voltage corresponding to energy gap has been 
produced. In other words, there is little room for improvement 
in the efficiency of organic EL elements by a decrease in drive 
Voltage. Therefore, it is not so promising to improve the 
efficiency of organic EL elements by the improvement of two 
factors such as electrical-to-optical conversion efficiency and 
drive Voltage. 
The light extraction efficiency of organic EL elements is 

generally about 20% to 30%, though depending on the light 
emitting pattern and the internal layer structure to some 
extent, which provides a plenty of room for improvement. 
The light extraction efficiency is low as described above. It is 
because materials forming a portion in which light is gener 
ated and forming periphery of the portion have properties 
Such as a high refractive index and a light-absorbing property. 
Therefore, the total reflection at an interface between the 
material and another material having different refractive indi 
ces and the light absorption at the materials are caused, which 
makes it difficult for light to effectively propagate to the 
outside where light emission is to be observed. 

In organic EL elements, the distance between the light 
emission position and the reflecting electrode is often 
decreased (e.g., 30 to 80 nm) to increase the intensity of light 
emitted in the front direction (the upper direction in FIG.1) by 
interference of light. However, a short distance between the 
light emission position and the reflecting electrode exerts the 
influence of a surface plasmon. The term "surface plasmon' is 
a mode of vibration in which electrons present on a metal 
Surface undergo collective vibration. A phenomenon in which 
free electrons in a metal and light interact with each other is 



US 9,214,649 B2 
5 

referred to as 'Surface plasmon resonance'. In organic EL 
elements, the reflecting electrode is mainly made of a metal 
Such as aluminum (Al) or silver (Ag) in many cases. When the 
distance between the light emission position and the reflect 
ing electrode is short, part of light generated at the light 
emission position is coupled with the Surface plasmon and 
then absorbed in the reflecting electrode. 

U.S. Pat. No. 7,667,387 (Patent Document 1) and U.S. 
Patent Application Publication No. 2010/0087019 (Patent 
Document 2) describe that, as a result of the Surface plasmon 
resonance, unusable light accounts for 70% to 80% of the 
total amount of emitted light in organic EL elements. There 
fore, it is considerably promising to improve the efficiency of 
organic EL elements by an improvement in the light extrac 
tion efficiency. 

Patent Document 1 and Patent Document 2 disclose an 
organic EL element for reducing the total reflection loss while 
reducing the loss of light caused by a surface plasmon at an 
interface between a light-emitting layer and an electrode. In 
the organic EL element, protrusions are periodically located 
in a portion of a light-emitting layer that is in contact with an 
electrode. Patent Document 1 and Patent Document 2 
describe that the emission efficiency can be improved by 
converting the Surface plasmon into light and extracting the 
light toward the light-emitting layer. 

International Publication No. 2010/010634 (Patent Docu 
ment 3) discloses an organic EL element including a reflect 
ing electrode. In the organic EL element, depressions and 
projections are formed at an interface between an organic 
layer and a reflecting electrode for the purpose of improving 
the reflection efficiency at the interface between the reflecting 
electrode and the organic layer. The depressions and projec 
tions are formed by forming a periodical uneven shape on a 
transparent Substrate using a curable transparent resin and 
forming an organic layer and a reflecting electrode thereon. 

However, as a result of studies conducted by the present 
inventors on the structure and production method disclosed in 
Patent Document 1 and Patent Document 2, locally thick 
portions are formed in the light-emitting layer due to the 
protrusions in the structure disclosed in Patent Document 1 
and Patent Document 2. Therefore, the carrier transport (or 
injection) property degrades in the thick portions of the light 
emitting layer, which may degrade the electrical properties. 

In the structure disclosed in Patent Document 3, the uneven 
shape is reflected on the entire organic layer. If the height of 
the uneven shape is, for example, more than 100 nm, an 
organic layer having a multilayer structure with a height of 
Some tens of nanometers is divided. Consequently, an electric 
current does not flow in the entire organic layer or electrical 
continuity is made between electrodes. Thus, such an organic 
EL element sometimes does not properly work. 

In view of the foregoing, the present inventors have thor 
oughly studied a structure for reducing the loss of light caused 
by a surface plasmon and a structure for reducing the total 
reflection loss. 
Structure for Suppressing Plasmon 

First, the present inventors studied the influence exerted 
when light emitted from the light-emitting layer of an organic 
EL element is coupled with the plasmon. Assuming that the 
organic layer has a refractive index of 1.8, the reflecting 
electrode is made of Agor Al, and the emission wavelength is 
500 nm, the calculation was conducted by a transfer matrix 
method. The same calculation can also be conducted with 
Software Such as 'setfos’ available from CYBERNET SYS 
TEMS Co., Ltd., instead of the transfer matrix method. In the 
structure illustrated in FIG. 1, the relationship between the 
distance from the interface between the reflecting electrode 
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6 
111 and the organic layer 112 to the light emission point and 
the proportion of the amount (emission amount) of light 
extracted to the transparent substrate 114 without being 
coupled with the Surface plasmon was calculated. 

FIG. 2 shows the calculation results. In FIG. 2, the vertical 
axis shows the proportion of propagating light generated as a 
result of emission. The difference between 1 and the propor 
tion indicates the loss of light caused by a surface plasmon 
effect. As is clear from FIG. 2, the proportion of the emission 
amount decreases as the distance between the light emission 
point and the reflecting electrode 111 decreases. This is 
because the generated light is more easily coupled with the 
Surface plasmon on a metal Surface as the light emission point 
becomes closer to the reflecting electrode. 
As described above, the Surface plasmon is a mode of 

vibration in which electrons present on a metal Surface 
undergo collective vibration. Therefore, it is considered that, 
by disposing, on a metal Surface, a structure in which elec 
trons do not easily undergo collective vibration, the plasmon 
effect is suppressed and thus the interaction with light can be 
Suppressed. For example, a periodical uneven structure 120 is 
located at an interface 111a between the reflecting electrode 
111 and the organic layer 112 in the organic EL element as 
illustrated in FIG. 3. In this case, it is considered that the 
Surface plasmon is suppressed and thus the proportion of the 
emission amount increases. Important parameters of the 
uneven structure are a pitch p of the uneven structure and a 
height h of the uneven structure (i.e. difference in level 
between the bottom surface of a depression and the upper 
surface of a projection). Thus, the present inventors have 
thoroughly studied the pitch of the uneven structure located 
on the reflecting electrode 111 and the height of the uneven 
Structure. 

FIG. 4 schematically shows the intensity distribution of the 
electric field of the surface plasmon. The electric field of a 
plasmon generated near the interface 111a between the 
organic layer 112 and the reflecting electrode 111 is distrib 
uted in a direction toward the inside of the reflecting electrode 
111, a direction toward the inside of the organic layer 112, and 
a direction parallel to the interface 111a. FIG.4(a) shows the 
intensity distribution of the electric field in a direction toward 
the inside of the organic layer 112 (organic layer direction) 
and a direction toward the inside of the reflecting electrode 
111 (electrode direction). In FIG. 4(a), the horizontal axis 
indicates the electric field intensity. FIG. 4(b) shows the 
intensity distribution of the electric field in a direction parallel 
to the interface 111a (interface direction). In FIG. 4(b), the 
vertical axis indicates the electric field intensity. The dis 
tances (attenuation distances) at which the electric field inten 
sity is 1/e (e is the base of natural logarithms) in the interface 
direction, the organic layer direction, and the electrode direc 
tion are defined as Y.Y. and Yet, respectively. Accord 
ing to Journal of Plasma Fusion Research Vol. 84. No. 1 
(2008) pp. 10-18, these attenuation distances are represented 
by formulae (1) to (3) below. 

-l 
C &org&metal 

y = -Im - 6 Y 
2co &org &metal 

(1) 

(2) 
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-continued 
-l 

2 
&metal 

&org &metal 

C (3) 
= -II metal 2co 

In the formulae, e, and e represent complex dielec 
tric constants of the reflecting electrode 111 and the organic 
layer 112, respectively; c represents the speed of light in a 
vacuum: (i)(2.LC/W) represents the angular frequency; W rep 
resents the wavelength; and Im is a function for returning the 
imaginary part. 

Assuming that the refractive index of a certain medium is n, 
the extinction coefficient is k, the real part of the complex 
dielectric constant is 6, and the imaginary part of the com 
plex dielectric constant is 6, the complex refractive index of 
the medium is generally represented by n-n--ik and the 
complex dielectric constant is generally represented by 
6, 6+ie, (iis the imaginary unit). The relationship n°–6, 
between the complex refractive index and the complex dielec 
tric constant provides e-ni-kande, 2 kn. Therefore, the 
complex dielectric constants e,, and e, in the above 
formulae (1) to (3) are determined by the refractive indices 
and the extinction coefficients of the reflecting electrode 111 
and the organic layer 112. 

Table 1 shows the calculation results of the attenuation 

distances Y.Y. and Y, with various materials and emis 
sion wavelengths of the reflecting electrode 111. 

TABLE 1 

10 

15 

25 

8 
When the pitch of the depressions and projections is 

shorter than or equal to half the wavelength of light, the 
diffraction of light due to the periodical uneven structure is 
not caused. Such a structure is referred to as a moth-eye 
structure and is used for an antireflection film. If the pitch of 
the depressions and projections is, for example, 250 nm or 
less, the pitch is shorter than or equal to half the wavelength 
of light having a wavelength of 500 nm. In this case, the 
amount of light absorbed in the reflecting electrode increases 
and thus the reflectance decreases, resulting in a decrease in 
the light extraction efficiency. Therefore, the pitch of the 
depressions and projections in the reflecting electrode is 
desirably 250 nm to 3 um. 

FIG. 5 shows the calculation results of the relationship 
between the pitch of the depressions and projections and the 
proportion of the emission amount. The calculation was con 
ducted by a finite-difference time-domain (FDTD) method 
under the following calculation conditions: the refractive 
index of the organic layer was 1.8, the material for the reflect 
ing electrode was Agor Al, the emission wavelength was 500 
nm, and the height of the periodical uneven structure was 60 
nm. It can be confirmed from FIG.5 that the emission amount 
increases at a pitch of approximately 0.25 um to 3 um. Note 
that when there is no uneven structure, the proportion of the 
emission amount with the reflecting electrode made of Ag is 
about 0.55 and the proportion of the emission amount with the 
reflecting electrode made of Al is about 0.65. It has been 

Attenuation distance (1/e) (nm 

Interface Organic layer 
Wavelength Refractive Extinction direction direction 

Material (nm) index n coefficientk Ysur Yorg 

Al 600 1.2 7.26 3027 120 
530 O.867 6.42 2451 92 
450 O618 547 1711 65 

Ag 62O O.131 3.88 3264 60 
52O O.130 3.07 1091 37 
460 0.144 2.56 370 25 

Cu 62O O.272 3.24 797 48 
52O 1.12 2.6 130 43 
440 1.17 2.36 90 37 

Au 6SO O16 3.15 1197 48 
52O O608 2.12 67 29 
450 1.426 1846 8O 48 

As is clear from Table 1, the attenuation distance Y of the 
plasmon in the interface direction is long in all the metal 
materials. In particular, the attenuation distance can be some 
micrometers in Ag and Al often used for an electrode of a 
light-emitting device. To suppress the generation of Such a 
Surface plasmon, the depressions and projections may be 
formed at a pitch shorter than the attenuation distance. That is, 
the upper limit of the pitch is desirably about 3 um. When the 
light generated in the light-emitting layer is not monochro 
matic light, but is light having abroad range of wavelengths, 
the depressions and projections may be formed at a pitch 
shorter than the attenuation distance calculated using the 
angular frequency (), (-2JLC/W) corresponding to the 
mean wavelength. Herein, the term “mean wavelength 
is a certain wavelength in an emission spectrum in which the 
Sum of intensity of light having a wavelength longer than the 
certain wavelength is equal to the sum of intensity of light 
having a wavelength shorter than the certain wavelength. In 
this specification, the frequency (), corresponding to the 
mean wavelengthw is sometimes referred to as a “mean F8 

frequency'. 

50 

55 

60 

65 

Electrode 
direction 
Ymetal 

6 
6 
6 

11 
11 
11 
13 
13 
12 
14 
14 
17 

confirmed that the proportion of the emission amount is 
increased by disposing Such a periodical uneven structure at 
the interface between the organic layer and the reflecting 
electrode. 

Next, the desirable height of the uneven structure has been 
studied. As shown in FIG. 4, the electric field of the surface 
plasmon enters the organic layer at an attenuation distance of 
about Y. Therefore, the height of the uneven structure (i.e. 
difference in level between the depression and the projection) 
may be substantially equal to or larger than Y to suppress 
the generation of the electric field of the surface plasmon. It is 
found from Table 1 that Y with the reflecting electrode made 
of Agor Al is some tens of nanometers to about 120 nm. Thus, 
the height of the uneven structure may be, for example, 20 nm 
or more to suppress the generation of the electric field of the 
Surface plasmon. The effect of Suppressing the generation of 
the electric field is considerably produced as the height of the 
uneven structure increases. It is believed that when the height 
of the uneven structure is about 120 nm, the generation of the 
plasmon can be substantially Suppressed. 
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FIG. 6 shows the relationship between the height of the 
uneven structure located on the reflecting electrode and the 
proportion of the emission amount. Herein, the reflecting 
electrode is made of Ag and the pitch of the uneven structure 
is 800 nm. It is clear from FIG. 6 that when the height of the 
uneven structure is about 100 nm or more, the proportion of 
the emission amount is Substantially constant and thus the 
generation of the plasmon can be substantially suppressed. A 
plurality of layers constituting the organic layer in the organic 
EL element each have a thickness of about 20 nm to 100 nm. 
Therefore, if the height of the uneven structure is more than 
100 nm, the height of the uneven structure is larger than the 
thickness of each of the layers constituting the organic layer 
adjacent to the uneven structure. In such a case, the organic 
layer is not formed in a continuous manner orthin portions are 
locally formed in the organic layer. As a result, a leakage path 
of an electric current may beformed. Therefore, the height of 
the uneven structure is desirably 100 nm or less, though 
depending on the thickness of each of the layers constituting 
the organic layer. 
Structure for Reducing Total Reflection Loss and Efficiently 
Extracting Light 

Next, the proportion (extraction efficiency) of generated 
light that is extracted to the transparent substrate 114 has been 
calculated. In general, the refractive index of a substrate is 
about 1.5, which is smaller than the refractive index (about 
1.7 to 2.0) of an organic layer or a transparent electrode. 
Therefore, part of light is subjected to total reflection before 
reaching the Substrate and thus cannot be extracted. However, 
the total reflection can be suppressed by disposing the uneven 
structure at the interface 111a between the reflecting elec 
trode 111 and the organic layer 112 as illustrated in FIG. 7. 
With the uneven structure, light to be reflected at the reflecting 
electrode 111 can be diffracted. The light emitted from the 
light emission point in the organic layer 112 can be made to 
enter the transparent electrode 113 and the substrate 114 at an 
angle closer to 90° with respect to the principal surfaces of the 
transparent electrode 113 and the substrate 114. Thus, the 
light extraction efficiency can be improved. 

FIG. 8 shows the relationship between the pitch of the 
depressions and projections and the proportion of generated 
light that is extracted to the substrate 114 (extraction effi 
ciency) in the case where a periodical uneven structure having 
a height of 60 nm is located at the interface 111a between the 
reflecting electrode 111 and the organic layer 112. FIG. 9 
shows the relationship between the height of the uneven struc 
ture and the efficiency of extracting light to the substrate 114 
at a pitch of 1 um. As is clear from FIG. 8, the extraction 
efficiency increases when the pitch of the depressions and 
projections is 1 um or more. As is also clear from FIG.9, the 
extraction efficiency increases when the height of the uneven 
structure is 100 nm or more. 
Amount of Light Extracted to Substrate 

In FIGS. 5 and 6, the change in the emission amount due to 
the uneven structure is calculated. In FIGS. 8 and 9, the 
extraction efficiency of emitted light is calculated. The 
amount of light extracted to the substrate in the end can be 
calculated by (emission amount)x(extraction efficiency). The 
calculation result of the amount of light extracted to the 
substrate is shown in Reference Example 1 of FIG. 14. The 
maximum amount of light extracted to the Substrate is about 
63%. As is clear from the comparison between the emission 
amount in FIG. 5 and the extraction efficiency in FIG. 8, the 
optimum pitches of the depressions and projections are dif 
ferent between the case of the emission amount and the case 
of the extraction efficiency. That is, there are other structures 
that further improve the extraction efficiency. 
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10 
The total reflection loss can be further reduced compared 

with the structure of FIG. 7 by employing the structure (FIG. 
10) disclosed in Patent Document 3, that is, a structure further 
including the uneven shape at an interface between the trans 
parent electrode 113 and the transparent substrate (curable 
transparent resin) 114. However, when the height of the 
uneven shape is about 100 nm, the light that passes through 
the uneven shape is substantially not affected by the phase 
difference. Consequently, almost no effect of Suppressing the 
total reflection loss is produced. For example, assuming that 
the light has a wavelength of 550 nm, the refractive index of 
the resin is 1.5, and the refractive index of the transparent 
electrode is 1.8, the phase difference of light that passes 
through the uneven shape having a height of 100 nm is 
expressed as 27tx(1.8-1.5)x100 nm/550 nms 0.17t. In this 
case, light is Substantially not diffracted because the phase 
difference is much smaller than at at which the optimum 
diffraction efficiency is achieved. In other words, the struc 
ture of FIG. 10 provides almost no effects of reducing the total 
reflection loss due to the uneven shape located at the interface 
between the transparent electrode 113 and the curable trans 
parent resin 114 and efficiently extracting light. The total 
reflection loss is reduced by the periodical uneven structure 
located at the interface 111a of the reflecting electrode 111, 
and light is extracted. 

Thus, it is considered that high extraction efficiency is 
achieved by increasing the height of the uneven structure. 
However, if the height of the uneven structure is 100 nm or 
more in the structure of FIG. 10, each layer (having a thick 
ness of several tens of nanometers to several hundred nanom 
eters) in the light-emitting element is sometimes not properly 
formed. 
As a result of the above studies, the present inventors have 

conceived a light-emitting device having a novel structure in 
which the total reflection loss can be reduced while the effi 
ciency is improved by Suppressing the generation of the Sur 
face plasmon. The outline of embodiments according to the 
present disclosure is as follows. 
The present disclosure includes light-emitting devices and 

production methods according to the following aspects. 
First Aspect 
A light-emitting device includes a light-emitting element 

including a transparent electrode, a reflecting electrode, and 
an organic layer that includes a light-emitting layer and is 
sandwiched between the transparent electrode and the reflect 
ing electrode; a transparent multilayer body including a low 
refractive-index layer and a high-refractive-index layer, the 
high-refractive-indeX layer having higher refractive index 
than that of the low-refractive-index layer and being provided 
in contact with the transparent electrode; a first uneven struc 
ture at an interface between the low-refractive-index layer 
and the high-refractive-index layer, the first uneven structure 
including depressions and projections, a height of each of the 
projections relative to the depressions being 400 nm or more; 
and a second uneven structure at an interface between the 
reflecting electrode and the organic layer, the second uneven 
structure including depressions and projections, a height of 
each of the projections relative to the depressions in the sec 
ond uneven structure being 20 nm or more and 100 nm or less. 

This can Suppress the generation of the Surface plasmon 
and the total reflection loss caused when light is emitted to the 
outside from the light-emitting element. Consequently, light 
generated in the light-emitting layer can be efficiently 
extracted to the outside. 
Second Aspect 
In the light-emitting device according to the first aspect, the 

first uneven structure has a shape in which the depressions 
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and the projections are two-dimensionally arranged in a peri 
odical manner, and the first uneven structure has an average 
pitch of 800 nm or more and 6 um or less. 

This can improve the light extraction efficiency in a visible 
range. 
Third Aspect 

In the light-emitting device according to the first aspect or 
the second aspect, the second uneven structure has a shape in 
which the depressions and the projections are two-dimen 
sionally arranged in a periodical manner, and the second 
uneven structure has an average pitch of 200 nm or more and 
3 um or less. 

This can effectively suppress the generation of the Surface 
plasmon. 
Fourth Aspect 
In the light-emitting device according to any one of the first 

aspect to the third aspect, at least one of the first uneven 
structure and the second uneven structure has an uneven 
shape in which the depressions and the projections are 
arranged in a periodical manner. 

Thus, a light-emitting device having a highlight extraction 
efficiency can be relatively easily produced. 
Fifth Aspect 
In the light-emitting device according to the first aspect, the 

first uneven structure has an uneven shape in which the 
depressions and the projections are two-dimensionally 
arranged in a random manner. 

This can Suppress the color irregularity and nonuniform 
brightness of light emitted from the light-emitting device. 
Sixth Aspect 
In the light-emitting device according to the fifth aspect, 

assuming that a minimum length of minor axes of ellipses 
inscribed in the depressions and the projections in the first 
uneven structure is w, the amount of pitch components with 
larger than 2 w among pitch components of a pattern of the 
uneven shape is reduced compared with a case where the 
depressions and the projections are randomly arranged. 

This can further improve the light extraction efficiency 
while Suppressing the color irregularity and nonuniform 
brightness. 
Seventh Aspect 
In the light-emitting device according to the sixth aspect, w 

in the first uneven structure is 400 nm or more and 3 um or 
less. 

Thus, the average pitch is set to be in the desirable range, 
and the light extraction efficiency can be increased. 
Eighth Aspect 
In the light-emitting device according to any one of the first 

aspect to the seventh aspect, the second uneven structure has 
a shape in which the depressions and the projections are 
two-dimensionally arranged in a periodical manner. 

Thus, a light-emitting device having a highlight extraction 
efficiency can be relatively easily produced. 
Ninth Aspect 
In the light-emitting device according to any one of the first 

aspect to the seventh aspect, the second uneven structure has 
an uneven shape in which the depressions and the projections 
are two-dimensionally arranged in a random manner. 

This can achieve a light-emitting device in which color 
irregularity and nonuniform brightness are Suppressed while 
the emission efficiency is improved by Suppressing the influ 
ence of the Surface plasmon. 
Tenth Aspect 

In the light-emitting device according to the ninth aspect, 
assuming that a minimum length of minor axes of ellipses 
inscribed in the depressions and the projections in the second 
uneven structure is w, the amount of pitch components with 
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12 
larger than 2 w among pitch components of a pattern in the 
second uneven structure is reduced compared with a case 
where the depressions and the projections are randomly 
arranged. 

This can Suppress the formation of structures having a large 
pitch and thus can further suppress the influence of the surface 
plasmon. 
Eleventh Aspect 
In the light-emitting device according to the ninth aspector 

the tenth aspect, w in the second uneven structure is 100 nm 
or more and 3000 nm or less. 

This can Suppress the formation of structures having a large 
pitch and thus can further suppress the influence of the surface 
plasmon. 
Twelfth Aspect 
In the light-emitting device according to any one of the 

ninth aspect to the eleventh aspect, the second uneven struc 
ture is formed so that a predetermined number of depressions 
or projections or more are not continuously arranged in an 
arrangement direction. 

This can Suppress the formation of structures having a large 
pitch and thus can further suppress the influence of the surface 
plasmon. 
Thirteenth Aspect 
In the light-emitting device according to any one of the first 

aspect to the twelfth aspect, a pattern of the first uneven 
structure is identical to a pattern of the second uneven struc 
ture. 

Fourteenth Aspect 
In the light-emitting device according to any one of the 

ninth aspect to the thirteenth aspect, the first uneven structure 
and the second uneven structure have the same uneven pattern 
in which the depressions and the projections are arranged in a 
random manner. 
Fifteenth Aspect 
In the light-emitting device according to any one of the 

ninth aspect to the fourteenth aspect, a sectional shape 
obtained by cutting each of the depressions and the projec 
tions along a plane parallel to an interface is a quadrilateral. 
Sixteenth Aspect 
In the light-emitting device according to the fifteenth 

aspect, the uneven structure is formed so that three or more 
depressions or projections are not continuously arranged in 
an arrangement direction. 
Seventeenth Aspect 
In the light-emitting device according to any one of the 

ninth aspect to the fourteenth aspect, a sectional shape 
obtained by cutting each of the depressions and the projec 
tions along a plane parallel to an interface is a hexagon. 
Eighteenth Aspect 
In the light-emitting device according to the seventeenth 

aspect, the uneven structure is formed so that four or more 
depressions or projections are not continuously arranged in 
an arrangement direction. 
Nineteenth Aspect 
In the light-emitting device according to any one of the first 

aspect to the eighteenth aspect, an average pitch in the second 
uneven structure is Smaller than 

-l 
C 8org&metal 

Yur = |im () &org &metal 

where e represents a complex dielectric constant of the 
organic layer, e, represents a complex dielectric constant 
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of the reflecting electrode, () represents an average emission 
frequency, and c represents a speed of light in a vacuum. 
Twentieth Aspect 

In the light-emitting device according to any one of the first 
aspect to the eighteenth aspect, a difference in level between 5 
the depressions and the projections is larger than 

2 -l 

in - a - 10 &org &metal 

where e represents a complex dielectric constant of the 
organic layer, e, represents a complex dielectric constant 
of the reflecting electrode, () represents an average emission 
frequency, and c represents a speed of light in a vacuum. 
Twenty-First Aspect 
A method for producing a light-emitting device includes a 

step of forming a low-refractive-index layer including a first 
uneven structure on a Substrate; a step of filling the first 
uneven structure of the low-refractive-index layer with a 
high-refractive-index material; a step of forming a high-re 
fractive-index layer by forming a different uneven structure 
on a Surface of the high-refractive-index material; and a step 25 
of forming a light-emitting element including a second 
uneven structure by Stacking a transparent electrode, an 
organic layer, and a reflecting electrode on the high-refrac 
tive-indeX layer, the second uneven structure having the same 
pitch and height as those of the different uneven structure and 30 
being formed at an interface between the organic layer and the 
reflecting electrode, wherein a height of projections relative 
to depressions in the first uneven structure is 400 nm or more, 
and a height of each of the projections relative to the depres 
sions in the second uneven structure is 20 nm or more and 100 35 
nm or less. 
Twenty-Second Aspect 
A method for producing a light-emitting device includes a 

step of forming an uneven structure on a surface of a Sub 
strate; a step of forming a reflecting electrode on the uneven 40 
structure of the substrate so that the reflecting electrode has an 
uneven structure having the same pitch and height as those of 
the uneven structure; a step of forming an organic layer on the 
reflecting electrode and forming a transparent electrode on 
the organic layer to complete a light-emitting element on the 45 
Substrate; a step of filling a surface of the transparent elec 
trode with a high-refractive-index material; a step of planariz 
ing a surface of the high-refractive-index material; a step of 
forming a different uneven structure on the planarized Surface 
of the high-refractive-index material to complete a high-re- 50 
fractive-index layer including the different uneven structure: 
and a step of filling the different uneven structure of the 
high-refractive-index layer with a low-refractive-index mate 
rial and planarizing a Surface of the low-refractive-index 
material to complete a low-refractive-index layer, wherein a 55 
height of projections relative to depressions in an uneven 
structure located at an interface between the high-refractive 
index layer and the low-refractive-index layer is 400 nm or 
more, and a height of each of the projections relative to the 
depressions in an uneven structure located at an interface 60 
between the reflecting electrode and the organic layer is 20 
nm or more and 100 nm or less. 
Twenty-Third Aspect 
A method for producing a light-emitting device includes a 

step of forming a low-refractive-indeX layer including a first 65 
uneven structure on a Substrate; a step of filling the first 
uneven structure of the low-refractive-index layer with a 
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high-refractive-index material to form a high-refractive-in 
deX layer including a different uneven structure whose height 
of projections is smaller than that of the first uneven structure: 
and a step of forming a light-emitting element including a 
second uneven structure by stacking a transparent electrode, 
an organic layer, and a reflecting electrode on the high-refrac 
tive-indeX layer, the second uneven structure having the same 
pitch and height as those of the different uneven structure and 
being formed at an interface between the organic layer and the 
reflecting electrode, wherein a height of projections relative 
to depressions in the first uneven structure is 400 nm or more, 
and a height of each of the projections relative to the depres 
sions in the second uneven structure is 20 nm or more and 100 
nm or less. 

Hereafter, specific embodiments of the present disclosure 
will be described. 

First Embodiment 

1. Structure 

A light-emitting device according to a first embodiment of 
the present disclosure will be described below. In this 
embodiment, a light-emitting device that uses an organic EL 
element is described as an example. 

FIG. 11 is a sectional view schematically illustrating a 
structure of a light-emitting device 101 of this embodiment. 
The light-emitting device 101 of this embodiment includes a 
light-emitting element 19 and a transparent multilayer body 
18. The light-emitting element 19 is an organic EL element. 
The light-emitting element 19 includes a transparent elec 
trode 13, a reflecting electrode 11, and an organic layer 12 
sandwiched between the transparent electrode 13 and the 
reflecting electrode 11. The organic layer 12 includes a light 
emitting layer. 
The reflecting electrode 11 is an electrode (cathode) for 

injecting electrons into the light-emitting layer of the organic 
layer 12. When a certain voltage is applied between the 
reflecting electrode 11 and the transparent electrode 13, elec 
trons are injected from the reflecting electrode 11 into the 
light-emitting layer of the organic layer 12. The reflecting 
electrode 11 may be made of, for example, silver (Ag), alu 
minum (Al), copper (Cu), magnesium (Mg), lithium (Li), or 
Sodium (Na) or an alloy mainly containing the foregoing 
metal. Alternatively, the reflecting electrode 11 may be 
formed by Stacking these metals in a combined manner. 
The transparent electrode 13 is an electrode (anode) for 

injecting holes into the light-emitting layer of the organic 
layer 12. The transparent electrode 13 is made of a material 
Such as a metal, an alloy, or an electrically conductive com 
pound each having a relatively high work function, or a mix 
ture of any of the foregoing. Examples of the material for the 
transparent electrode 13 include: inorganic compounds Such 
as indium tin oxide (ITO), tin oxide, Zinc oxide, indium Zinc 
oxide (IZO, registered trademark), and copper iodide; con 
ductive polymers such as poly(3,4-ethylenedioxythiophene) 
(PEDOT) and polyaniline; conductive polymers doped with a 
desired acceptor, and conductive light-transmissive materials 
Such as carbon nanotube. 
The transparent electrode 13 can be formed as a thin film 

by, for example, a sputtering method, a vacuum deposition 
method, or a coating method. The sheet resistance of the 
transparent electrode 13 may be set to several hundred ohms 
per square or less in one example and one hundred ohms per 
square or less in another example. The thickness of the trans 
parent electrode 13 may be set to 500 nm or less in one 
example and 10 to 200 nm in another example. The light 
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transmittance increases as the thickness of the transparent 
electrode 13 decreases. However, the sheet resistance 
increases inversely with the thickness, and thus the sheet 
resistance increases as the thickness decreases. This may 
cause, when the area of the light-emitting device 101 is 
increased, an excessive increase in the Voltage or nonuniform 
brightness caused as a result of uneven current density due to 
Voltage drop. To avoid this tradeoff, an auxiliary wiring line 
(grid) made of a metal or the like may be formed on the 
transparent electrode 13. The auxiliary wiring line may be 
made of a conductive material Such as Ag, Cu, Au, Al, Rh, Ru, 
Ni, Mo, Cr, or Pd or an alloy (e.g., Mo AlMo, AlMo, or 
AgPdCu) thereof. Herein, an insulating treatment for prevent 
ing an electric current from flowing through a grid portion 
may be performed Such that the metal grid does not serve as 
a light-shielding material. Furthermore, a metal having a high 
reflectance may be used for the grid to prevent diffused light 
from being absorbed into the grid. In this embodiment, the 
transparent electrode 13 is an anode and the reflecting elec 
trode 11 is a cathode. However, the polarities of these elec 
trodes may be opposite. 

The light-emitting layer is formed of a material that gen 
erates light by the recombination of electrons injected from 
the reflecting electrode 11 and holes injected from the trans 
parent electrode 13. The light-emitting layer may be made of 
any publicly known light-emitting material Such as a low 
molecular-weight or high-molecular-weight light-emitting 
material or a metal complex. Although not illustrated in FIG. 
11, the organic layer 12 may further include an electron 
transport layer and a hole transport layer which are located so 
as to sandwich the light-emitting layer. The electron transport 
layer is located on the reflecting electrode 11 (cathode) side 
and the hole transport layer is located on the transparent 
electrode 13 (anode) side. If the reflecting electrode 11 is an 
anode, the electron transport layer is located on the transpar 
ent electrode 13 side and the hole transport layer is located on 
the reflecting electrode 11 side. The electron transport layer 
may be made of a material Suitably selected from the group of 
compounds having an electron-transporting property. 
Examples of the compounds include metal complexes such as 
Alq known as an electron-transporting material; and hetero 
cyclic compounds Such as phenanthroline derivatives, pyri 
dine derivatives, tetrazine derivatives, and oxadiazole deriva 
tives. The material for the electron transport layer is not 
limited to these materials, and may be any publicly known 
electron-transporting material. The hole transport layer may 
be made of a material suitably selected from the group of 
compounds having a hole-transporting property. Examples of 
the compounds include triarylamine compounds Such as 4,4'- 
bisN-(naphthyl)-N-phenyl-aminobiphenyl (O-NPD), N,N'- 
bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD), 
2-TNATA, 4,4',4'-tris(N-(3-methylphenyl)-N-phenylamino) 
triphenylamine (MTDATA), 4,4'-N,N'-dicarbazolebiphenyl 
(CBP), Spiro-NPD, spiro-TPD, spiro-TAD, and TNB: amine 
compounds having a carbazole group; and amine compounds 
including a fluorene derivative. The material for the hole 
transport layer is not limited to these materials, and may be 
any publicly known hole-transporting material. As described 
above, in addition to the light-emitting layer, otherlayers such 
as the electron transport layer and the hole transport layer may 
be located between the reflecting electrode 11 and the trans 
parent electrode 13. 
The structure of the organic layer 12 is not limited to the 

above example, and the organic layer 12 may have various 
structures. For example, the organic layer 12 may have a 
multilayer structure including the hole transport layer and the 
light-emitting layer or a multilayer structure including the 
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light-emitting layer and the electron transport layer. Further 
more, a hole injection layer may be located between the anode 
and the hole transport layer, and an electron injection layer 
may be located between the cathode and the electron trans 
port layer. The structure of the light-emitting layer is not 
limited to a single-layer structure, and may be a multilayer 
structure. For example, when a desired emission color is 
white, three types of dopant dyes of red, green, and blue may 
be doped into the light-emitting layer. The light-emitting 
layer may also have a multilayer structure including a hole 
transporting blue light-emitting layer, an electron-transport 
ing green light-emitting layer, and an electron-transporting 
red light-emitting layer. Or the light-emitting layer may have 
a multilayer structure including an electron-transporting blue 
light-emitting layer, an electron-transporting green light 
emitting layer, and an electron-transporting redlight-emitting 
layer. Furthermore, a multilayer structure in which a plurality 
of light-emitting units and light-transmissive and conductive 
intermediate layers are alternately stacked (i.e. a multi-unit 
structure including light-emitting units electrically connected 
to each other in series) may be employed. The light-emitting 
units each include an anode, a cathode, and a light-emitting 
element that is sandwiched between the anode and the cath 
ode and emits light upon Voltage application. 
The transparent multilayer body 18 includes a low-refrac 

tive-index layer 16 and a high-refractive-index layer 17. The 
high-refractive-index layer 17 is located so as to be in contact 
with the transparent electrode 13. In this embodiment, the 
light-emitting device 101 further includes a substrate 14, 
which is located on the surface of the transparent multilayer 
body 18 on the side remote from the light-emitting element 
19. The low-refractive-index layer 16 is in contact with the 
substrate 14. The transparent multilayer body 18 and the 
substrate 14 have transparency to light emitted from the light 
emitting element 19. 
The low-refractive-index layer 16 may only have a refrac 

tive index lower than that of the high-refractive-index layer 17 
and desirably has a refractive index lower than that of the 
substrate 14. The low-refractive-index layer 16 may be made 
of an inorganic material such as SiO, or glass, a resin, or the 
like. The thickness of the low-refractive-index layer 16 does 
not affect the optical properties, but is set to about several 
micrometers to several tens of micrometers in consideration 
of formation by a coating process, a semiconductor process, 
or the like. 
The refractive index of the high-refractive-index layer 17 is 

desirably higher than that of the light-emitting layer, and is, 
for example, 1.7 or more. The high-refractive-index layer 17 
may be made of a high-refractive-index resin or an inorganic 
material having a relatively high refractive index. Such as 
indium tin oxide (ITO), titanium oxide (TiO), silicon nitride 
(SiN), tantalum pentoxide (Ta-Os), or zirconia (ZrO2). The 
thickness of the high-refractive-index layer 17 does not affect 
the optical properties, but is set to about several micrometers 
to several tens of micrometers in consideration of formation 
by a coating process, a semiconductor process, or the like. 
The Substrate 14 is a member for Supporting the transparent 

multilayer body 18 and the light-emitting layer 19. The sub 
strate 14 may be made of a transparent material Such as glass 
or resin. The substrate 14 has a refractive index of, for 
example, about 1.45 to 1.65, but may be a high-refractive 
index substrate having a refractive index of 1.65 or more or a 
low-refractive-index substrate having a refractive index of 
less than 1.45. 
The light-emitting device 101 includes a first uneven struc 

ture 50 and a second uneven structure 20 in order to increase 
the efficiency of extracting light generated in the light-emit 
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ting layer of the light-emitting element 19 to the outside. The 
first uneven structure 50 reduces the total reflection loss 
caused when light is emitted from the light-emitting element 
to the outside, and the second uneven structure 20 Suppresses 
a plasmon. Therefore, the first uneven structure 50 is located 
at an interface between the low-refractive-index layer 16 and 
the high-refractive-index layer 17 of the transparent multi 
layer body 18. Since the decrease in the emission efficiency 
due to the plasmon occurs near the interface between the 
organic layer 12 and the reflecting electrode 11, the uneven 
structure 20 may be located at least at the interface between 
the organic layer 12 and the reflecting electrode 11. In the case 
where it is difficult to form the shape of the second uneven 
structure 20 by directly processing the interface between the 
organic layer 12 and the reflecting electrode 11, the following 
process may be performed. That is, a structure having the 
same shape as the second uneven structure 20 is formed on a 
Surface of another layer. Layers of the light-emitting element 
19 are deposited so as to each have the shape. Thus, the 
second uneven structure 20 is formed at the interface between 
the organic layer 12 and the reflecting electrode 11. 

In the light-emitting device 101 of this embodiment, first, 
an uneven structure 40 having the same shape as the second 
uneven structure is formed at the interface between the high 
refractive-index layer 17 of the transparent multilayer body 
18 and the transparent electrode 13 of the light-emitting ele 
ment 19, and then the layers of the light-emitting element 19 
are formed so as to each have the shape. Therefore, an uneven 
structure 30 having the same shape as the second uneven 
structure is also formed at the interface between the transpar 
ent electrode 13 and the organic layer 12. An uneven structure 
10 having the same shape as the second uneven structure is 
also formed on the surface of the reflecting electrode 11 on the 
side remote from the organic layer 12. 
As described above, the height of the second uneven struc 

ture 20, which is a difference in level between depressions 
and projections, provided to produce the effect of Suppressing 
the plasmon is not so large. Therefore, the diffraction effect is 
substantially not produced at the uneven structure 30 and the 
uneven structure 40, and thus the influence of the uneven 
structure 30 and the uneven structure 40 on diffraction of light 
at the interface is small. 

In this embodiment, the first uneven structure 50 is a peri 
odical structure in which a plurality of depressions and a 
plurality of projections are two-dimensionally arranged in an 
alternate manner. The first uneven structure 50 has two dif 
ferent levels, and thus spaces between projections are called 
depressions and portions between depressions are called pro 
jections. In the first uneven structure 50, Square depressions 
and square projections are two-dimensionally arranged in an 
alternate manner along a surface parallel to the interface 
between the low-refractive-index layer 16 and the high-re 
fractive-index layer 17. 
The heighth 1 of the projections relative to the depressions 

illustrated in FIG. 11 is 400 nm or more. The pitch p1 in an 
arrangement direction is 800 nm or more and 6 um or less. 
The first uneven structure 50 with the height h1 and the pitch 
p1 in the above ranges has a higher light extraction efficiency 
in a visible range. 
The transparent electrode 13 of the light-emitting element 

19 is in contact with the high-refractive-index layer 17 of the 
transparent multilayer body 18 on the side remote from the 
organic layer 12. Thus, the total reflection of the light gener 
ated in the light-emitting element 19 is suppressed at the 
interface between the transparent electrode 13 and the high 
refractive-index layer 17, and the light efficiently propagates 
to the transparent multilayer body 18. The light that enters the 
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transparent multilayer body 18 from the light-emitting ele 
ment 19 is diffracted at the first uneven structure 50 and enters 
the low-refractive-index layer 16 in a direction closer to 90° 
relative to the low-refractive-index layer 16. Therefore, the 
total reflection at the interface between the low-refractive 
index layer 16 and the high-refractive-index layer 17 is Sup 
pressed, and a large amount of light can be emitted from the 
substrate 14. 

In this embodiment, the second uneven structure 20 is also 
a structure in which a plurality of depressions and a plurality 
of projections are two-dimensionally arranged in an alternate 
manner. The second uneven structure 20 has two different 
levels, and thus spaces between projections are called depres 
sions and portions between depressions are called projec 
tions. In the second uneven structure 20, square depressions 
and square projections are two-dimensionally arranged in an 
alternate manner along a Surface parallel to the interface 
between the organic layer 12 and the reflecting electrode 11. 
The height h2 of the projections relative to the depressions 

illustrated in FIG.11 is 20 nm or more and 100 nm or less. The 
pitch p2 in an arrangement direction is 50 nm or more and 
0.75um or less. As described above, when the second uneven 
structure 20 has the height h2 and the pitch p2 in the above 
ranges, the generation of the Surface plasmon can be Sup 
pressed and the light generated in the light-emitting layer of 
the organic layer 12 can be efficiently extracted to the outside 
of the organic layer 12. The first uneven structure 50 and the 
second uneven structure 20 are located in the light-emitting 
device 101 for different purposes and have different heights 
of projections relative to depressions and different pitches. 

Although the light-emitting device 101 of this embodiment 
includes the substrate 14, the substrate 14 is not necessarily 
provided. Furthermore, for example, the light that has 
reached the substrate 14 may be directly extracted to the 
outside of the light-emitting device 101 through the surface of 
the substrate 14 or may be extracted to the outside of the 
light-emitting device 101 using a light extraction film located 
on the front surface (or back surface) of the substrate 14. 

2. Detailed Examination of Structure 

In order to evaluate the light extraction efficiency of the 
light-emitting device 101 of this embodiment, the amounts of 
light that reached the substrate 14 in FIG. 11 were calculated 
by changing the pitches and the heights of the first uneven 
structure 50 and the second uneven structure 20. The calcu 
lation results are shown below. Furthermore, the amounts of 
light that reached the substrate 14 in light-emitting devices 
including structures of Reference Examples were also calcu 
lated. 

Example 1 

A light-emitting device of Example 1 having a structure 
illustrated in FIG. 11 was examined. The heights of the first 
uneven structure 50 and the second uneven structure 20 are 
600 nm and 60 nm, respectively. The second uneven structure 
20 has a pitch of 800 nm. The electrode is mainly made of Ag 
or Al. 

Example 2 

A light-emitting device of Example 2 having a structure 
illustrated in FIG. 12 was examined. The light-emitting 
device of Example 2 includes, as in the light-emitting device 
of this embodiment illustrated in FIG. 11, a first uneven 
structure 50 located between a low-refractive-index layer 16 
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and a high-refractive-indeX layer 17 and a second uneven 
structure 20 located between an organic layer 12 and a reflect 
ing electrode 11. The light-emitting device also includes an 
uneven structure 40 located between the high-refractive-in 
dex layer 17 and a transparent electrode 13 and an uneven 
structure 30 located between the transparent electrode 13 and 
the organic layer 12. The pitches of the uneven structures are 
the same. The heights of the first uneven structure 50 and the 
second uneven structure 20 are 600 nm and 60 nm, respec 
tively. The electrode is mainly made of Ag or Al. 

Example 3 

A light-emitting device of Example 3 having a structure 
illustrated in FIG. 11 was examined. The pitches of the first 
uneven structure 50 and the second uneven structure 20 are 1 
um and 800 nm, respectively. The height of the second uneven 
structure 20 is 60 nm. The electrode is mainly made of Al. 

Example 4 

A light-emitting device of Example 4 having a structure 
illustrated in FIG. 11 was examined. The pitch of the first 
uneven structure 50 is 2 um. The heights of the first uneven 
structure 50 and the second uneven structure 20 are 600 nm. 
and 60 nm, respectively. The electrode is mainly made of Al. 

Reference Example 1 

A light-emitting device of Reference Example 1 having a 
structure illustrated in FIG. 3 was examined. The light-emit 
ting device of Reference Example 1 includes only a second 
uneven structure 120 located between an organic layer 112 
and a reflecting electrode 111. The height of the second 
uneven structure 120 is 100 nm. 

Reference Example 2 

A light-emitting device of Reference Example 2 having a 
structure illustrated in FIG. 13 was examined. The light 
emitting device of Reference Example 2 includes only a first 
uneven structure 150 located between a low-refractive-index 
layer 116 and a high-refractive-index layer 117. The height of 
the first uneven structure 150 is 600 nm. 

Reference Example 3 

A light-emitting device of Reference Example 3 having a 
structure illustrated in FIG. 3 was examined. The light-emit 
ting device of Reference Example 3 includes only a second 
uneven structure 120 located between an organic layer 112 
and a reflecting electrode 111. The pitch of the second uneven 
structure 120 is 800 nm and the height of the second uneven 
structure 120 is 100 nm. 

Reference Example 4 

A light-emitting device of Reference Example 4 having a 
structure illustrated in FIG. 13 was examined. The light 
emitting device of Reference Example 4 includes only a first 
uneven structure 150 located between a low-refractive-index 
layer 116 and a high-refractive-index layer 117. The pitch of 
the first uneven structure 150 is 1 um. 

FIG. 14 shows the relationship between the pitch of the first 
uneven structure and the amount of light extracted to the 
substrate in the case where the reflecting electrode is made of 
Ag. Note that, for Example 2, both pitches of the first and 
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second uneven structures 50 and 20 are changed so that those 
pitches are the same. For the Reference Example 1, the pitch 
of the second uneven structure 120 is changed since the Ref 
erence Example 1 does not have a first uneven structure. It is 
clear from FIG. 14 that the light-emitting device of Example 
1 can emit a larger amount of light than the light-emitting 
device of Reference Example 1 including only the second 
uneven structure and the light-emitting device of Reference 
Example 2 including only the first uneven structure in the 
entire range of the pitch (0.05um to 8 um) shown in FIG. 14. 
In particular, the emission amount is larger than the peak 
emission amount of Reference Example 1 in the range of the 
pitch of 0.4 um to 8 um. Furthermore, an emission amount of 
0.7 or more, which is larger than that in the case where the 
reflecting electrode is made of Al, is achieved in the range of 
1 Lum to 5um. This is because Agabsorbs a smaller amount of 
light and thus the extraction efficiency is considerably 
improved. 
A large emission amount can also be achieved with the 

light-emitting device of Example 2 in the range of 0.4 um to 
8 um. In particular, the emission amount is larger than the 
peakemission amount of Reference Example 1 in the range of 
the pitch of 0.4 m (400 nm) to 2 um. The light-emitting 
device of Example 1 emits a larger amount of light than the 
light-emitting device of Example 2 because the pitch of the 
second uneven structure is set to 800 nm, which produces a 
large effect of Suppressing the plasmon. 

FIG.15 shows the relationship between the pitch of the first 
uneven structure and the amount of light extracted to the 
substrate in the case where the reflecting electrode is made of 
Al. Note that, for Example 2, both pitches of the first and 
second uneven structures 50 and 20 are changed so that those 
pitches are the same. For the Reference Example 1, the pitch 
of the second uneven structure 120 is changed since the Ref 
erence Example 1 does not have a first uneven structure. 

It is clear from FIG. 15 that, as in the case where the 
reflecting electrode is made of Ag, the light-emitting device 
of Example 1 can emit a larger amount of light than the 
light-emitting device of Reference Example 1 including only 
the second uneven structure and the light-emitting device of 
Reference Example 2 including only the first uneven structure 
in the entire range of the pitch (0.05 um to 8 um) shown in 
FIG. 15. In particular, the emission amount is larger than the 
peakemission amount of Reference Example 1 in the range of 
the pitch of 0.8 um to 7 lum. 
A large emission amount can also be achieved with the 

light-emitting device of Example 2 in the range of 0.4 um to 
8 um. In particular, the emission amount is larger than the 
peakemission amount of Reference Example 1 in the range of 
the pitch of 0.4 um (400 nm) to 3 um. 

FIG. 16 shows the relationship between the height of the 
first uneven structure and the extraction efficiency. A broken 
line indicates the extraction efficiency in the light-emitting 
device of Reference Example 3. The light-emitting device of 
Reference Example 3 does not include the first uneven struc 
ture, and thus the extraction efficiency is constant so as to be 
parallel to the horizontal axis. 

It is clear from FIG. 16 that, when the height of the first 
uneven structure is 100 nm or more, the light-emitting device 
of Example 3 achieves a higher extraction efficiency than the 
light-emitting device of Reference Example 3. In particular, 
when the height is 400 nm or more, the extraction efficiency 
is 0.9 or more. 

FIG. 17 shows the relationship between the pitch of the 
second uneven structure and the extraction efficiency in the 
case where the reflecting electrode is made of Ag or Al. A 
broken line indicates the peak extraction efficiency (pitch: 
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800 nm) of the light-emitting device of Reference Example 3. 
The pitch of the second uneven structure 20 of Example 3 is 
changed from 800 nm. 

It is clear from FIG. 17 that, when the pitch of the second 
uneven structure is in the range of 200 nm to 3 um, the 
extraction efficiency is higher than the highest extraction 
efficiency of the light-emitting device of Reference Example 
3, regardless of the materials (Ag and All) for the reflecting 
electrode. 

It is found from the above results that a highlight extraction 
efficiency is achieved when the pitch of the first uneven struc 
ture is 800 nm to 6 um and the height of the first uneven 
structure is 400 nm or more. It is also found that the influence 
of the surface plasmon can be effectively suppressed when the 
pitch of the second uneven structure is 200 nm to 3 um and the 
height of the second uneven structure is 20 nm to 100 nm. 

It has been found that a high light extraction efficiency is 
achieved in the light-emitting device of this embodiment by 
differentiating the shapes of the first uneven structure and the 
second uneven structure. In particular, FIGS.9 and 14 suggest 
that the optimum heights of depressions and projections are 
different between the second uneven structure that effectively 
Suppresses the influence of the Surface plasmon and the first 
uneven structure that suppresses the total reflection and effi 
ciently extracts light from the light-emitting element. There 
fore, a light-emitting device having a high light extraction 
efficiency on the whole is achieved by appropriately setting 
the heights of the first uneven structure and the second uneven 
Structure. 

Furthermore, the dependence of the diffraction efficiency 
of light on wavelength is dependent on the pitch. The depen 
dence of the diffraction angle of light on wavelength is also 
dependent on the pitch. Thus, those dependences can be 
reduced by differentiating the pitches of the first uneven struc 
ture and the second uneven structure. Therefore, the color 
irregularity of light emitted from the light-emitting device can 
be suppressed by differentiating the pitches of the first uneven 
structure and the second uneven structure. 

3. Production Method 

A method for producing the light-emitting device accord 
ing to this embodiment will be described with reference to 
FIGS 18A to 18D. 
As illustrated in FIG. 18A, a low-refractive-index layer 16 

is formed on a transparent Substrate 14, and a first uneven 
structure 50 is formed on the surface of the low-refractive 
index layer 16. The low-refractive-index layer 16 may be a 
portion of the substrate 14. The first uneven structure 50 may 
beformed on the surface of the low-refractive-index layer 16 
by a semiconductor process including photolithography and 
etching in a combined manner. Alternatively, the first uneven 
structure 50 may be formed by cutting or the like. The low 
refractive-index layer 16 may be formed of a resin curable by 
heat or ultraviolet rays. In this case, a nanoimprinting tech 
nique can be used. For example, a curable resin is formed on 
the surface of the substrate 14; a mold for forming a first 
uneven structure 50 is pressed against the surface of the 
curable resin; and the curable resin is cured by heat or ultra 
violet rays to obtain a low-refractive-index layer 16. 
As illustrated in FIG. 18B, the first uneven structure 50 

formed on the surface of the low-refractive-index layer 16 is 
filled with a high-refractive-index material 17. After the first 
uneven structure 50 is filled with the high-refractive-index 
material 17" by a vapor deposition method, a sputtering 
method or the like, the surface 17a of the high-refractive 
index material 17" may be planarized. Alternatively, a resin 
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material may be applied onto the surface of the first uneven 
structure 50 by coating or spin coating. 
As illustrated in FIG. 18C, an uneven structure 40 having 

the same pitch and height as those of a second uneven struc 
ture 20 is formed on the surface of the high-refractive-index 
material 17" by a semiconductor process, cutting, nanoim 
printing, or the like to form a high-refractive-index layer 17. 
As illustrated in FIG. 18D, a light-emitting element 19 

including a transparent electrode 13, an organic layer 12, and 
a reflecting electrode 11 is formed on the surface of the 
high-refractive-index layer 17. When the height of the uneven 
structure 40 is about 100 nm, the shape of the uneven structure 
40 can be reflected on the surfaces of the layers of the light 
emitting element 19 formed by vapor deposition, coating, or 
the like. Thus, a second uneven structure 20 is formed at an 
interface between the organic layer 12 and the reflecting 
electrode 11. Consequently, the light-emitting device of this 
embodiment is completed. 
The light-emitting device of this embodiment can be 

formed from the side of the reflecting electrode. As illustrated 
in FIG. 19A, a substrate 31 is prepared, and an uneven struc 
ture 20' having the same pitch and height as those of a second 
uneven structure 20 is formed on the surface of the substrate 
31 by a semiconductor process, cutting, nanoimprinting, or 
the like. Alternatively, a resin layer or an inorganic material 
layer may beformed on the surface of the substrate 31, and the 
uneven structure 20' may beformed on the surface of the resin 
layer or the inorganic material layer. 
As illustrated in FIG. 19B, a reflecting electrode 11 is 

formed by a vapor deposition method or a sputtering method, 
for example. Thus, a reflecting electrode 11 having a surface 
on which the second uneven structure 20 has been formed as 
a result of reflection of the shape of the uneven structure 20 
can be formed. 
As illustrated in FIG. 19C, an organic layer 12 and a trans 

parent electrode 13 are formed, the surface of the transparent 
electrode 13 is filled with a high-refractive-index material 17, 
and the surface of the high-refractive-index material 17" is 
planarized. As illustrated in FIGS. 19C and 19D, a first 
uneven structure 50 is formed on the surface of the high 
refractive-index material 17". 
As illustrated in FIG. 19E, the first uneven structure 50 is 

filled with a low-refractive-index layer 16, and the surface of 
the low-refractive-index layer 16 is planarized. A substrate 14 
may be further formed on the surface of the low-refractive 
indeX layer 16. Consequently, the light-emitting device of this 
embodiment is completed. 

In the case where the first uneven structure and the second 
uneven structure have the same pitch, the light-emitting 
device of this embodiment may be produced by the following 
method. 
As illustrated in FIG. 20A, a low-refractive-index layer 16 

is formed on a transparent Substrate 14, and a first uneven 
structure 50 is formed on the surface of the low-refractive 
index layer 16. As illustrated in FIG.20B, a small amount of 
a high-refractive-index material 17" is provided in the first 
uneven structure 50 by a spin coating method or the like. As a 
result, the first uneven structure 50 is filled with the high 
refractive-index material 17, and an uneven structure 40 hav 
ing a height of projections Smaller than that of the first uneven 
structure 50 is formed. Although the pitch of the uneven 
structure 40 is the same as the pitch of the first uneven struc 
ture 50, the height of the uneven structure 40 is smaller than 
the height of the first uneven structure 50. By adjusting the 
amount of the high-refractive-index material 17" so that the 
height of the uneven structure 40 corresponds to the height of 
a second uneven structure 20, a second uneven structure 20 
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can be formed without additionally forming a pattern for 
defining the second uneven structure 20. In this case, a pattern 
for defining the first uneven structure 50 is identical with a 
pattern for defining the second uneven structure 20. A light 
emitting element 19 is then formed on the uneven structure 5 
40, and thus a light-emitting device can be produced. Accord 
ing to this method, there is no need to additionally pattern the 
uneven structure 40 after the patterning of the first uneven 
structure 50, and thus the production process can be simpli 
fied. 10 

Second Embodiment 

A light-emitting device according to a second embodiment 
of the present disclosure will be described below. 15 

FIG. 21 is a sectional view schematically illustrating a 
structure of a light-emitting device 102 of this embodiment. 
The light-emitting device 102 of this embodiment includes a 
light-emitting element 19 and a transparent multilayer body 
18. The light-emitting element 19 is an organic EL element 20 
and includes a transparent electrode 13, a reflecting electrode 
11, and an organic layer 12 that includes a light-emitting layer 
and is sandwiched between the transparent electrode 13 and 
the reflecting electrode 11. The transparent multilayer body 
18 includes a low-refractive-index layer 16 and a high-refrac- 25 
tive-index layer 17. A first uneven structure 51 is located at an 
interface between the low-refractive-index layer 16 and the 
high-refractive-index layer 17. A second uneven structure 20 
is located at an interface between the reflecting electrode 11 
and the organic layer 12. 30 
The light-emitting device 102 of this embodiment is dif 

ferent from that of the first embodiment in which the first 
uneven structure 51 has another uneven shape. The first 
uneven structure 51 has the uneven shape in which a plurality 
of depressions and a plurality of projections are two-dimen- 35 
sionally arranged in a random manner. Particularly, the first 
uneven structure51 has the uneven shape in which at least two 
types of unit structures are two-dimensionally arranged in a 
random manner. Each type of the unit structures have a pat 
tern formed by one or more depressions and one or more 40 
projections. 
When the first uneven structure and the second uneven 

structure are periodical structures, the diffraction angle of 
light to be diffracted shows the wavelength dependence and 
thus the light emitted from the light-emitting device may 45 
result in color irregularity and nonuniform brightness. In 
particular, this exerts a considerable influence when the light 
emitting device emits white light. To overcome such a prob 
lem, the first uneven structure51 has an uneven shape includ 
ing randomly arranged depressions and projections in this 50 
embodiment. Since the light-emitting device includes the first 
uneven structure 51 and the second uneven structure 20, at 
least one of these uneven structures may be a random struc 
ture. Desirably, the first uneven structure 51 has an uneven 
shape including randomly arranged depressions and projec- 55 
tions as in this embodiment, and the second uneven structure 
20 has a periodical structure as described in the first embodi 
ment. Thus, when the light-emitting device is viewed through 
the substrate 14, the emitted light is uniformly viewed in all 
directions because of the randomness. In addition, the plas- 60 
mon is effectively Suppressed by the second uneven structure 
20. 
The term "random structure” means a structure in which a 

plurality of depressions and a plurality of projections are 
arranged in a pattern with randomness. The term “pattern 65 
with randomness” means any arrangement pattern other than 
a periodical pattern. For example, the “pattern with random 
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ness' includes not only a completely random pattern in which 
equal numbers of depressions and projections are randomly 
arranged, but also a pattern controlled so that more than a 
predetermined number of projections or depressions are not 
continuously arranged in an arrangement direction. The num 
ber of the plurality of depressions and the number of the 
plurality of projections are not necessarily equal to each other, 
and may be different from each other. Each of the plurality of 
depressions and the plurality of projections typically has the 
same X-direction size and the same y-direction size, but is not 
limited to such a structure. These sizes may be differentiated. 
To simplify the following description, each of the depressions 
and the projections has the same X-direction size and the same 
y-direction size. In this specification, the “pattern with ran 
domness” is sometimes abbreviated as a “random pattern'. 
The random uneven shape of the first uneven structure 51 

will be described in detail. An example of the random uneven 
structure is a structure disclosed in Japanese Patent No. 
4870195. This structure has a grid including “w” squares as a 
unit area (w is a length of a side of the unit area having a 
square shape), and a plurality of depressions and a plurality of 
projections are randomly arranged on the grid. FIG. 22 is a 
plan view illustrating an example of the uneven pattern. In 
FIG. 22, for example, white areas are depressions and black 
areas are projections. (Alternatively, black areas may be 
depressions and white areas may be projections.) 

In the structure illustrated in FIG. 22, the probability that 
depressions or projections having a width of w are present is 
/2, and the probability that two continuous depressions or 
projections having a width of 2 w are present is (1/2). The 
probability that continuous depressions or projections having 
a width of nw (n: natural number) are present in each of the X 
direction and they direction is generalized to be (/2)". In the 
random uneven structure, therefore, the average length w, 
of the depressions or projections in each of the X direction and 
the y direction is determined to be 2 w by the following 
calculation. 

=w () +2 (+3 (). =yn () -2 Weap = W 2 * 2 * 2 . . . - it: 2) - * 

The average pitch is the sum of the average size of depres 
sions and the average size of projections, which is 4 W. 
As described in the first embodiment, the pitch of the first 

uneven structure is desirably 800 nm to 6 um, and the pitch of 
the second uneven structure is desirably 200 nm to 3 um. 
Therefore, when the first uneven structure and the second 
uneven structure are each a random uneven structure, win the 
first uneven structure is desirably 200 nm to 1.5 um and w in 
the second uneven structure is desirably 50 nm to 0.75 um. 

In the random structure in which the depressions and pro 
jections are arranged with a 50% probability, however, many 
depressions or projections are continuously arranged with a 
particular probability and thus continuous depressions or pro 
jections having a length of more than 3 um may be partly 
formed. For example, a portion indicated by an arrow in FIG. 
22 has a length of 6 w in the X direction. Thus, an uneven 
structure in which the randomness is controlled so that Such a 
large structure is not included may be employed. 

FIG. 23A is a plan view illustrating an example of an 
uneven structure not including a large structure. In the uneven 
structure illustrated in FIG. 23A, two types of unit structures 
151 and 152 illustrated in FIG. 23B are randomly arranged. 
The unit structures 151 and 152 include two depressions and 
two projections that are diagonally arranged. The depressions 
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and projections are reversed between the unit structures 151 
and the unit structures 152. By randomly arranging Such two 
types of unit structures without leaving spaces, the random 
ness can be Suppressed compared with the structure in FIG. 
22 in which the depressions and projections are randomly 
arranged. When Such an uneven structure is employed, three 
or more depressions or projections are not continuously 
arranged in each of the arrangement directions (X direction 
and y direction). That is, assuming that the minimum diam 
eter of circles 61 or the minimum length of the minor axes of 
ellipses 62 which are inscribed in the plurality of depressions 
and the plurality of projections is w in the uneven structure 
illustrated in FIG. 23A, structures (pitch components) with 
more than 2 w are not formed. Therefore, when such an 
uneven structure is employed as the first uneven structure, the 
total reflection loss can be suppressed. When such an uneven 
structure is employed as the second uneven structure, the 
Surface plasmon can be effectively suppressed. 
FIG.24A is a plan view illustrating another example of an 

uneven structure not including a large structure. In this 
uneven structure, two types of unit structures 161 and 162 
illustrated in FIG. 24B are randomly arranged. Even when 
Such an uneven structure is employed, structures with more 
than 2 w are not formed in each of the X direction and they 
direction. Therefore, when such an uneven structure is 
employed as the first uneven structure, the total reflection loss 
can be suppressed. When such an uneven structure is 
employed as the second uneven structure, the Surface plas 
mon can be effectively suppressed. 

In the structures illustrated in FIGS. 23A and 24A, the 
lengths in the X direction and they direction are only w or 2 w. 
Thus, it can be considered that the amount of large pitch 
components (i.e., low frequency components) is reduced. The 
randomness of these random patterns can be analyzed 
through the Fourier transform of the patterns. The term “Fou 
rier transform of patterns” means a Fourier transform con 
ducted when the heights of flat portions of depressions and 
projections relative to the reference level are expressed as a 
two-dimensional function for the coordinates X and y. 

FIG. 25 shows the results of analysis of pitch components 
of the random patterns, the analysis being performed by Fou 
rier transforming the uneven patterns. FIG. 25 shows the 
proportion of pitch components (the inverse of spatial fre 
quency components) in the X direction. Herein, the random 
pattern illustrated in FIG.22 and the controlled random pat 
tern illustrated in FIG.24A are compared with each other. It 
is found that the pattern in FIG. 24A has a peak at a pitch 
component with 2 w and the amount of pitch components 
with more than 2 w is reduced compared with the pattern in 
FIG. 22. Therefore, the pattern in FIG. 24A is considered to 
have a structure mainly including pitch components with 2 W. 

Also in the structure illustrated in FIG. 23A or 24A in 
which the amount of low frequency components is reduced, 
the average pitch can be determined in the same manner as in 
the structure in FIG. 22. FIG. 26 illustrates a method for 
determining the average pitch from the structure pattern. 
Herein, ellipses (including perfect circles) which are 
inscribed in areas selected from the group of the same types of 
continuous structures are assumed for each of the Vertical 
direction and the horizontal direction in FIG. 26. The average 
of the sizes of white portions in the lower drawing of FIG. 26 
can be determined by calculating the average of the lengths of 
the axes of ellipses which are inscribed in the white portions. 
The term “length of an axis' indicates either the length a of a 
minor axis or the length b of a major axis illustrated in the 
upper drawing of FIG. 26. The same applies to blackportions. 
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The average pitch may be the Sum of the average of the sizes 
of the white portions and the average of the sizes of the black 
portions. 

Therefore, when the first uneven structure and the second 
uneven structure have an uneven shape in which depressions 
and projections are arranged with Such randomness, w in the 
random structure is desirably in the range of 400 nm to 3 um 
for the first uneven structure and 100 nm to 1.5 um for the 
second uneven structure. 

In the above example, there is an assumption that the sec 
tional shape obtained by imaginarily cutting the space of the 
depressions and projections along a plane parallel to the inter 
face is a square, but the sectional shape may be another shape 
Such as a hexagon. According to the studies conducted by the 
present inventors, the light extraction efficiency is higher in a 
structure having a regular hexagonal sectional shape than in a 
structure having a square sectional shape. This is because the 
length of a diagonal line is V2 times the length of a side in the 
square whereas the length of a diagonal line is V3/2 times the 
length of a side in the regular hexagon. Thus the direction 
dependence is low in the structure having a regular hexagonal 
sectional shape. In other words, in the case of the structure 
having a square sectional shape, the extraction efficiency 
decreases in either of a side direction or a diagonal direction. 
However, in the case of the structure having a regular hex 
agonal sectional shape, a high extraction efficiency is 
achieved regardless of the directions. 

FIG. 27A illustrates an example of a random structure 
(both the existence probabilities of depressions and projec 
tions are /2) in which the basic shape is changed from the 
square to the regular hexagon. FIG. 27B illustrates an 
example of a random pattern in which the randomness is 
controlled to suppress the generation of large structures as in 
the case of the pattern in FIG. 23A or 24A. In the random 
pattern illustrated in FIG. 27B, the randomness is controlled 
so that at most three regular hexagons are arranged in the 
arrangement directions (three directions perpendicular to the 
three sides). That is, the size of the same type of structure in 
an arrangement direction is in the range of w to 3 w. If such a 
pattern is Fourier transformed, the peak is present at a pitch 
component with 2 w and the amount of large pitch compo 
nents with more than 2 w (low frequency components) is 
reduced. 
The randomness or the periodicity of the uneven pattern 

can be judged by Fourier transforming the pattern as 
described above. Hereafter, a method for judging the domi 
nance of randomness or periodicity by Fourier transform will 
be described. 

FIG. 28 is a plan view illustrating an example of an uneven 
structure in which the existence probabilities of the first unit 
structures 151 and the second unit structures 152 in the struc 
ture illustrated in FIG. 23A are changed to 75% and 25%, 
respectively. FIG. 29 illustrates the amplitude of spatial fre 
quency components obtained by Fourier transforming the 
uneven pattern in FIG. 28. This uneven structure includes 
both random components and periodical components which 
result from the periodical existence of the first unit structures 
151 having a high existence probability. The periodical com 
ponents correspond to four points located in four oblique 
directions from the center in FIG. 29. The random compo 
nents correspond to a plurality of points distributed around 
the four points. 

FIGS. 30A to 30E show five uneven patterns having dif 
ferent proportions of periodical components and the results 
obtained by Fourier transforming the patterns. In FIGS. 30A 
to 30E, the right side shows the uneven pattern and the left 
side shows a one-dimensional distribution of the amplitude of 
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periodical components in one arrangement direction of the 
uneven pattern. FIGS. 30A to 30E show the cases where the 
proportions of the periodical components are 100%. 60%, 
40%, 20%, and 0%, respectively. In the uneven patterns, the 
proportions of the periodical components are different from 
each other because the existence probability of the first unit 
structures 151 is different from that of the second unit struc 
tures 152. 

Herein, it is assumed that the existence probability of the 
first unit structures 151 is X% and the existence probability of 
the second unit structures 152 is y '%, where x>y and 
x+y=100. The first unit structures 151 corresponding to y% 
of the total can be considered to be random components 
because of the presence of pairs with the second unit struc 
tures 152. On the other hand, the first unit structures 151 
corresponding to (x-y)% of the total can be considered to be 
periodical components because of the absence of pairs with 
the second unit structures 152. That is, when the existence 
probability of the first unit structures 151 is assumed to be X 
% and the existence probability of the second unit structures 
152 is assumed to be y%, the first unit structures 151 corre 
sponding to y 9% of the total are random components and the 
first unit structures 151 corresponding to (x-y)% of the total 
are periodical components. 

In the pattern of FIG. 30A, the ratio of the number of the 
first unit structures 151 to the number of the second unit 
structures 152 is 100:0, and thus the proportion of the peri 
odical components is 100%. In the pattern of FIG. 30B, the 
ratio is 80:20, and thus the proportion of the periodical com 
ponents is 60%. In the pattern of FIG.30C, the ratio is 70:30, 
and thus the proportion of the periodical components is 40%. 
In the pattern of FIG. 30D, the ratio is 65:45, and thus the 
proportion of the periodical components is 20%. In the pat 
tern of FIG.30E, the ratio is 50:50, and thus the proportion of 
the periodical components is 0%. In the uneven patterns illus 
trated in FIGS. 30B to 30D, it is found from the results of 
Fourier transform that the periodical components and the 
random components coexist. 
By analyzing the periodical components (spatial frequency 

components) of the random pattern, the dominance of random 
components or periodical components can be judged. For 
example, when the amplitude of frequency components 
derived from randomness is larger than that of frequency 
components derived from periodicity in a certain pattern, the 
random components can be considered to be dominant in the 
pattern. Therefore, the uneven structure of this embodiment 
has a random pattern in which random components are domi 
nant. 

Third Embodiment 

A light-emitting device of a third embodiment will be 
described below. The light-emitting device of this embodi 
ment is different from those of the first and second embodi 
ments in that the light-emitting device has a structure corre 
sponding to the second uneven structure, but does not have a 
structure corresponding to the first uneven structure. Hereaf 
ter, points different from those of the first and second embodi 
ments will be described. 

In the structure disclosed in Patent Document 1, a diffrac 
tion grating having periodical protrusions is used. Therefore, 
the structure shows a large wavelength dependence and the 
brightness and color vary depending on the angle at which the 
device is viewed. That is, Such a structure poses problems 
Such as nonuniform brightness and color irregularity. In par 
ticular, color irregularity is a critical defect in organic EL 
elements that emit white light. 
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This embodiment relates to a light-emitting device in 

which color irregularity and nonuniform brightness are Sup 
pressed while the emission efficiency is improved by Sup 
pressing the influence of a Surface plasmon. In this embodi 
ment, an uneven structure having a random pattern is used to 
reduce the wavelength dependence. 

FIG. 31 is a sectional view schematically illustrating a 
structure of a light-emitting device (organic EL element) 200 
of this embodiment. The light-emitting device 200 has a 
structure in which a transparent Substrate 114, a transparent 
electrode 113, an organic layer 112, and a reflecting electrode 
111 are stacked in that order as in the structure illustrated in 
FIG. 3. An uneven structure 130 in which a plurality of 
depressions and a plurality of projections are two-dimension 
ally arranged in a random pattern is formed at an interface 
111a between the organic layer 112 and the reflecting elec 
trode 111. In FIG. 31, the arrangement directions of the 
plurality of depressions and the plurality of projections are an 
X direction and ay direction, and a direction perpendicular to 
the arrangement directions is a Z direction. The uneven struc 
ture 130 is a structure corresponding to the second uneven 
structure described above. The two-dimensional arrangement 
pattern of the uneven structure 130 may be, for example, the 
pattern illustrated in FIG.23A, 24A, or 27B. 
The patterns of the above uneven structures are merely 

examples, and the pattern of the uneven structure is not lim 
ited thereto. A structure in which the amount of large pitch 
components is reduced by a method other than the method in 
which unit structures are arranged as illustrated in FIG. 23B 
or 24B may be employed. In the case where it is difficult to 
form the uneven structure 130 by directly processing the 
interface between the organic layer 112 and the reflecting 
electrode 111, the uneven structure 130 may be formed in the 
end by forming a structure having a shape corresponding to 
that of the uneven structure 130 on a surface of another layer. 
By forming a structure having a shape corresponding to that 
of the uneven structure 130 on a surface of another layer, 
layers of the organic layer 112 can be deposited so as to each 
have the shape. Thus, the uneven structure 130 can be formed 
at the interface between the organic layer 112 and the reflect 
ing electrode 111. 

FIGS. 32A and 32B each illustrate an example of an 
organic EL element in which an uneven structure is formed in 
other layers. As illustrated in FIG. 32A, the uneven structure 
130 may beformed at the interface between the organic layer 
112 and the reflecting electrode 111 by forming the same 
structure as the uneven structure 130 at an interface between 
the transparent substrate 114 and the transparent electrode 
113. Alternatively, as illustrated in FIG. 32B, the uneven 
structure 130 may be formed by forming an uneven structure 
140 corresponding to the uneven structure 130 at the interface 
between the transparent electrode 113 and the organic layer 
112. 

Hereafter, an example of a method for producing a light 
emitting device including the uneven structure 130 will be 
described with reference to FIGS. 33A to 33C. As illustrated 
in FIG. 33A, an uneven structure 50 having a shape corre 
sponding to that of an uneven structure 130 is formed on a 
surface of a transparent substrate 114. The uneven structure 
50 may be formed by any method such as a semiconductor 
process, cutting, or nanoimprinting. 
As illustrated in FIG. 33B, a transparent electrode 113 is 

then formed on the surface of the transparent substrate 114. 
The transparent electrode 113 can be formed by a method 
Such as vapor deposition or coating. When the height of the 
uneven structure 50 is about 100 nm, the shape of the uneven 
structure 50 can be reflected on the surface of the formed 
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transparent electrode 113. Thus, an uneven structure 60 is 
formed on the surface of the transparent electrode 113. 
As illustrated in FIG. 33C, an organic layer 112 is then 

formed, and a reflecting electrode 111 is further formed. Also 
in these processes, when the layers are formed by vapor 
deposition, coating, or the like, the shape of the uneven struc 
ture 60 can be reflected on the surfaces of the formed layers. 
Thus, the uneven structure 130 can be formed at the interface 
between the organic layer 112 and the reflecting electrode 
111. Consequently, a light-emitting device is completed. 
The light-emitting device can be formed from the side of 

the reflecting electrode 111. FIGS. 34A to 34C illustrate such 
a method. As illustrated in FIG. 34A, a substrate 31 is pre 
pared, and an uneven structure 130' having the same pitch and 
height as those of an uneven structure 130 is formed on the 
surface of the substrate 31 by a semiconductor process, cut 
ting, nanoimprinting, or the like. Alternatively, a resin layer or 
an inorganic material layer may be formed on the Surface of 
the substrate 31, and the uneven structure 130' may beformed 
on the Surface of the resin layer or the inorganic material 
layer. 
As illustrated in FIG.34B, a reflecting electrode 111 is then 

formed by a vapor deposition method or a sputtering method, 
for example. Thus, a reflecting electrode 111 having a Surface 
on which an uneven structure 130 has been formed as a result 
of reflection of the shape of the uneven structure 130' can be 
formed. 
As illustrated in FIG. 34C, an organic layer 112 and a 

transparent electrode 113 are then formed, the surface of the 
transparent electrode 113 is filled with a transparent material, 
and the Surface of the transparent material is planarized to 
form a transparent Substrate 114. Thus, a light-emitting 
device is completed. 
The transparent Substrate 114 is not an essential compo 

nent. The light that has reached the transparent substrate 114 
may be directly extracted to the outside of the light-emitting 
device through the surface of the transparent substrate 114. 
Alternatively, the light may be extracted to the outside of the 
light-emitting device using a light extraction film, Such as a 
microlens array or a layer composed of a plurality of diffusing 
particles. Such a light extraction film is located on the Surface 
of the transparent substrate 114. The method for producing a 
light-emitting device is not limited to the above method, and 
any method may be employed. 
As described above, the influence of a Surface plasmon can 

be suppressed and the light extraction efficiency can be 
improved by disposing a random uneven structure between 
the organic layer and the reflecting electrode. Hereafter, an 
organic EL element having such an uneven structure will be 
more specifically described. 

FIG. 35 is a sectional view illustrating a structure of an 
organic EL element 300 of this embodiment. The organic EL 
element 300 includes a substrate 10, a reflecting electrode 11 
located on one surface (hereafter may be referred to as an 
“electrode-side surface') of the substrate 10, a transparent 
electrode 13 located on the side remote from the substrate 10 
So as to face the reflecting electrode 11, and an organic layer 
30 that is sandwiched between the reflecting electrode 11 and 
the transparent electrode 13 and includes a light-emitting 
layer32. An uneven structure 130 with randomness is formed 
on a surface (an interface between the reflecting electrode 11 
and the organic layer 30) of the reflecting electrode 11 on the 
transparent electrode 13 side. The multilayer structure includ 
ing the reflecting electrode 11, the organic layer 30, and the 
transparent electrode 13 constitutes an element unit 1. The 
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organic EL element 300 of this embodiment is a top emission 
type organic EL element in which light is extracted through 
the transparent electrode 13. 
The transparent electrode 13 includes a polymer conduc 

tive layer (herein after called as “conductive layer')39 that is 
in contact with the organic layer 30 and has a light transmis 
sion property. Thus, light can be extracted through the trans 
parent electrode 13 in the organic EL element 300. In addition 
to the conductive layer 39, the transparent electrode 13 may 
include an electrode pattern 42 located on the conductive 
layer 39 on the side remote from the organic layer 30. As 
illustrated in a plan view of FIG. 36, the electrode pattern 42 
includes an electrode portion 44 that covers a surface of the 
conductive layer 39 on the side remote from the organic layer 
30 and a plurality of openings 41 for extracting light from the 
organic layer 30 to the outside, the openings 41 being Sur 
rounded by the electrode portion 44. The plurality of open 
ings 41 are provided so that the surface of the conductive layer 
39 on the side remote from the organic layer 30 is exposed. 
Thus, light can be extracted through the transparent electrode 
13 in the organic EL element 300. In the case where the 
voltage drop due to the resistance of the conductive layer 39 
is negligible, the transparent electrode 13 may be composed 
of only the conductive layer 39. The case where the voltage 
drop due to the resistance of the conductive layer 39 is neg 
ligible is, for example, a case where the in-plane uniformity of 
the brightness of the organic EL element 300 satisfies the 
required specification. The conductive layer 39 can beformed 
of for example, a conductive polymer or ITO. 
The organic EL element 300 further includes a sealing 

Substrate 80 that has a light transmission property and is 
located on the light-emitting side opposite from the Substrate 
10 and a rectangular frame-shaped unit 95 interposed 
between the periphery of the substrate 10 and the periphery of 
the sealing substrate 80. 

In the organic EL element 300, a portion (not illustrated) of 
the reflecting electrode 11 on which a multilayer film includ 
ing the organic layer30 and the transparent electrode 13 is not 
formed may be treated as a terminal portion. Alternatively, a 
terminal portion may be connected to the reflecting electrode 
11 through a lead line. Further alternatively, the substrate 10 
may beformed of a metal plate or a metal foil and the exposed 
portion of the substrate 10 may be treated as a terminal por 
tion. Hereafter, the terminal portion on the reflecting elec 
trode 11 side may be referred to as a “first terminal portion 
and the lead line may be referred to as a “first lead line'. 
The organic EL element 300 includes a second terminal 

portion 47 electrically connected to the transparent electrode 
13 through a second lead line 46. The organic EL element 300 
also includes an insulating layer 60 formed so as to cover the 
electrode-side surface of the substrate 10, the side surface of 
the reflecting electrode 11, the side surface of the organic 
layer 30, and the peripheral surface of the transparent elec 
trode 13. The insulating layer 60 electrically insulates the 
second lead line 46 from the organic layer 30 and the reflect 
ing electrode 11. In the structure of FIG. 35, the second lead 
line 46 and the second terminal portion 47 are located on the 
electrode-side surface of the substrate 10, but the organic EL 
element 300 is not limited to such a structure. For example, 
when the substrate 10 is formed of a metal foil, the second 
terminal portion 47 may be folded back to the side remote 
from the sealing substrate 80 together with portions of the 
insulating layer 60 and the substrate 10. 

Hereafter, each component of the organic EL element 300 
will be described in detail. 
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The planar shape of the substrate 10 is a rectangle, but is not 
limited thereto. The planar shape of the substrate 10 may be, 
for example, a circle or a polygon other than a rectangle. 

In this embodiment, the substrate 10 is a rigid glass sub 
strate, but is not limited thereto. The substrate 10 may be, for 
example, a rigid or flexible plastic plate, a rigid metal plate, or 
a flexible metal foil. The glass substrate may be made of, for 
example, soda-lime glass or alkali-free glass. The plastic 
plate may be made of polyethylene terephthalate, polyethyl 
ene naphthalate, polyether Sulfone, or polycarbonate. The 
metal plate or the metal foil may be made of for example, a 
metal Such as copper, stainless steel, aluminum, nickel, tin, 
lead, gold, silver, iron, or titanium or an alloy containing at 
least one of the foregoing metals. When the plastic plate is 
used, a plastic plate on which an SiON film, an SiN film, or the 
like is formed may be used to Suppress the penetration of 
moisture. As described above, the substrate 10 may be rigidor 
flexible. Furthermore, the substrate 10 is not limited to a 
transparent glass Substrate, a transparent plastic plate, a metal 
plate, or a metal foil, and may be made of any material that is 
available at low cost and has high mechanical strength, a gas 
barrier property, chemical resistance, heat resistance, and the 
like. When a conductive material Such as a metal plate or a 
metal foil is used for the substrate 10, the substrate 10 may 
constitute part of the reflecting electrode 11 or may also serve 
as the reflecting electrode 11. 
When the glass substrate is used as the substrate 10, depres 

sions and projections on the electrode-side Surface of the 
Substrate 10 may induce a leakage current of the organic EL 
element 300, which results in the degradation of the organic 
EL element 300. Therefore, when a glass substrate is used as 
the substrate 10, a glass substrate for forming an element may 
be used, the glass Substrate being precisely polished so that 
the surface roughness of the electrode-side surface of the 
Substrate 10 decreases. Regarding the Surface roughness of 
the electrode-side surface of the substrate 10, the arithmetical 
mean roughness Raspecified in JIS B 0601-2013 (ISO 4287 
1997) is desirably 10 nm or less and more desirably several 
nanometers or less. On the other hand, when a plastic plate is 
used as the Substrate 10, a plastic plate having an arithmetical 
mean roughness Ra of the electrode-side Surface of several 
nanometers or less is available at low cost without being 
precisely polished. 

In the organic EL element 300 of this embodiment, the 
reflecting electrode 11 serves as a cathode and the transparent 
electrode 13 serves as an anode. In this case, carriers injected 
into the organic layer 30 from the reflecting electrode 11 are 
electrons, and carriers injected into the organic layer 30 from 
the transparent electrode 13 are holes. The reflecting elec 
trode 11 may serve as an anode and the transparent electrode 
13 may serve as a cathode. 
The organic layer 30 includes a light-emitting layer 32, a 

hole transport layer 33, and a hole injection layer 34 in that 
order from the reflecting electrode 11 side. If the reflecting 
electrode 11 serves as an anode and the transparent electrode 
13 serves as a cathode, an electron transport layer may be 
located instead of the hole transport layer 33 and an electron 
injection layer may be located instead of the hole injection 
layer 34. 
The structure of the organic layer 30 is not limited to the 

structure illustrated in FIG. 35. For example, an electron 
injection layer and an electron transport layer may be located 
between the reflecting electrode 11 and the light-emitting 
layer 32, or an interlayer may be located between the light 
emitting layer32 and the hole transport layer33. If the reflect 
ing electrode 11 serves as an anode and the transparent elec 
trode 13 serves as a cathode, a hole injection layer and a hole 
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transport layer may be located between the reflecting elec 
trode 11 and the light-emitting layer32. 

It is sufficient that the organic layer 30 contains at least the 
light-emitting layer 32. In other words, the organic layer 30 
may be constituted by only the light-emitting layer32. Layers 
other than the light-emitting layer 32, such as the electron 
injection layer, the electron transport layer, the interlayer, the 
hole transport layer33, and the hole injection layer34, may be 
suitably provided. The light-emitting layer 32 may have a 
single-layer structure or a multilayer structure. For example, 
when a desired emission color is white, three types of dopant 
dyes of red, green, and blue may be doped into the light 
emitting layer32. The light-emitting layer 32 may also have 
a multilayer structure including a hole-transporting blue 
light-emitting layer, an electron-transporting green light 
emitting layer, and an electron-transporting redlight-emitting 
layer or a multilayer structure including an electron-trans 
porting blue light-emitting layer, an electron-transporting 
green light-emitting layer, and an electron-transporting red 
light-emitting layer. 

Examples of the material for the light-emitting layer 32 
include polyparaphenylenevinylene derivatives, poly 
thiophene derivatives, polyparaphenylene derivatives, pol 
ysilane derivatives, polyacetylene derivatives, polyfluorene 
derivatives, polyvinylcarbazole derivatives, coloring matter, 
and metal complex-based light-emitting materials. Specific 
examples of the material include anthracene, naphthalene, 
pyrene, tetracene, coronene, perylene, phthaloperylene, 
naphthaloperylene, diphenyl butadiene, tetraphenylbutadi 
ene, coumarin, oxadiazole, bisbenzoxazoline, bisstyryl, 
cyclopentadiene, quinoline metal complexes, tris(8-hydrox 
ycuinolinato)aluminum complexes, tris(4-methyl-8-quinoli 
nato)aluminum complexes, tris(5-phenyl-8-quinolinato)alu 
minum complexes, aminoquinoline metal complexes, 
benzoquinoline metal complexes, tri-(p-terphenyl-4-yl) 
amine, pyran, quinacridone, rubrene, and derivatives of the 
foregoing; and 1-aryl-2,5-di(2-thienyl)pyrrole derivatives, 
distyrylbenzene derivatives, styrylarylene derivatives, styry 
lamine derivatives, and compounds partly having a group 
constituted by the above light-emitting compound in a mol 
ecule thereof. In addition to the above-described compounds 
derived from fluorescent dyes, so-called phosphorescence 
emitting materials may also be used. Examples of the phos 
phorescence-emitting materials include light-emitting mate 
rials such as iridium complexes, osmium complexes, 
platinum complexes, and europium complexes; and com 
pounds and polymers having the foregoing complex in a 
molecule thereof. These materials can be suitably selected as 
needed. 
The light-emitting layer 32 can beformed by a wet process 

Such as a coating method (e.g., spin coating method, spray 
coating method, die coating method, gravure printing 
method, and Screen printing method). The formation method 
of the light-emitting layer 32 is not limited to the coating 
method. The light-emitting layer 32 may be formed by a dry 
process Such as a vacuum deposition method or a transfer 
method. 
Examples of the material for the electron injection layer 

include metal halides such as metal fluorides, e.g., lithium 
fluoride and magnesium fluoride and metal chlorides, e.g., 
Sodium chloride and magnesium chloride; and oxides of tita 
nium, Zinc, magnesium, calcium, barium, strontium, and the 
like. When these materials are used, the electron injection 
layer can be formed by a vacuum deposition method. The 
material for the electron injection layer may be, for example, 
an organic semiconductor material into which a dopant (e.g., 



US 9,214,649 B2 
33 

alkali metal) for promoting electron injection is mixed. In this 
case, the electron injection layer can be formed by a coating 
method. 
The material for the electron transport layer can be selected 

from the group of compounds having an electron-transport 
ing property. Examples of the compounds include metalcom 
plexes such as Alq known as an electron-transporting mate 
rial; and heterocyclic compounds such as phenanthroline 
derivatives, pyridine derivatives, tetrazine derivatives, and 
oxadiazole derivatives. The material for the electron transport 
layer is not limited to these materials, and may be any publicly 
known electron-transporting material. 

Non-limiting examples of the material for the hole trans 
port layer include polymers containing aromatic amines, e.g., 
polyarylene derivatives having an aromatic amine at a side 
chain or a main chain thereof. Such as polyvinylcarbazole 
(PVCZ), polypyridine, and polyaniline. Examples of the 
material for the hole transport layer include 4,4'-bis(N-(naph 
thyl)-N-phenyl-aminobiphenyl (O-NPD), N,N'-bis(3-meth 
ylphenyl)-(1,1'-bipneyl)-4,4'-diamine (TPD), 2-TNATA, 
4,4',4'-tris(N-(3-methylphenyl)N-phenylamino)tripheny 
lamine (MTDATA), 4,4'-N,N'-dicarbazole biphenyl (CBP), 
Spiro-NPD, spiro-TPD, spiro-TAD, TNB, and TFB (poly(9, 
9-dioctylfluorenyl-2,7-diyl)-co-(4,4'-(N-(4-sec-butylphe 
nyl))diphenyl amine)). 
The hole injection layer is made of an organic material Such 

as thiophene, triphenylmethane, hydrazoline, amylamine, 
hydrazone, stilbene, or triphenylamine. Specific examples of 
the material include aromatic amine derivatives such as poly 
vinylcarbazole, polyethylenedioxythiophene:polystyrene 
sulfonate (PEDOT:PSS), and TPD. These materials may be 
used alone or in combination of two or more. The hole injec 
tion layer made of such a material can be formed by a wet 
process Such as a coating method (e.g., spin coating method, 
spray coating method, die coating method, and gravure print 
ing method). 
The interlayer is formed so as to have a carrier-blocking 

function (here, an electron-blocking function) serving as a 
carrier barrier for Suppressing the leakage of electrons from 
the light-emitting layer 32 toward the transparent electrode 
13. Furthermore, the interlayer may have, for example, a 
function of transporting holes to the light-emitting layer 32 
and a function of Suppressing the quenching of the excited 
state of the light-emitting layer 32. In this embodiment, the 
interlayer serves as an electron-blocking layer for Suppress 
ing the leakage of electrons from the light-emitting layer32. 

In the organic EL element 300, an improvement in the 
emission efficiency and the long life can be achieved by 
disposing the interlayer. Examples of the material for the 
interlayer include polyarylamine and derivatives thereof, 
polyfluorene and derivatives thereof, polyvinylcarbazole and 
derivatives thereof, and triphenyldiamine derivatives. Such 
an interlayer can beformed by a wet process such as a coating 
method (e.g., spin coating method, spray coating method, die 
coating method, and gravure printing method). 
The cathode is an electrode for injecting electrons into the 

organic layer 30. When the reflecting electrode 11 is a cath 
ode, the cathode may be made of an electrode material Such as 
a metal, an alloy, or an electrically conductive compound 
each having a low work function, or a mixture of the forego 
ing. An electrode material having a work function of 1.9 eV or 
more and 5 eV or less can be suitably used so that the differ 
ence between the work function of the reflecting electrode 11 
and the lowest unoccupied molecular orbital (LUMO) level is 
not excessively increased. Examples of the electrode material 
for the cathode include aluminum, silver, magnesium, gold, 
copper, chromium, molybdenum, palladium, and tin; and 
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alloys of the foregoing metal and another metal. Such as a 
magnesium-silver mixture, a magnesium-indium mixture, 
and an aluminum-lithium alloy. In addition, a metal, a metal 
oxide, and a mixture of the foregoing and another metal can 
also be used. For example, the cathode may be a multi-layer 
film including a thin film made of aluminum and an ultrathin 
film (e.g., a thin film that has a thickness of 1 nm or less and 
allows flow of electrons by tunnel injection) made of an 
aluminum oxide. When the reflecting electrode 11 is a cath 
ode, the material for the cathode may be suitably a metal, such 
as aluminum or silver, having low resistivity and high reflec 
tance for light emitted from the light-emitting layer32. When 
the reflecting electrode 11 is an anode for injecting holes into 
the organic layer 30, the material for the reflecting electrode 
11 may be Suitably a metal having a high work function. An 
electrode material having a work function of 4 eV or more and 
6 eV or less may be suitably used so that the difference 
between the work function of the reflecting electrode 11 and 
the highest occupied molecular orbital (HOMO) level is not 
excessively increased. 

Examples of the material for the conductive layer 39 of the 
transparent electrode 13 include conductive polymer materi 
als such as polythiophene, polyaniline, polypyrrole, polyphe 
nylene, polyphenylenevinylene, polyacetylene, and polycar 
bazole. A dopant such as Sulfonic acid, Lewis acid, protonic 
acid, an alkali metal, oran alkaline-earth metal may be doped 
in order to increase the conductivity. Herein, as the resistivity 
of the conductive layer 39 decreases, the conductivity in a 
horizontal direction (in-plane direction) is improved. As a 
result, the in-plane variation in electric current flowing 
through the light-emitting layer 32 can be reduced and thus 
the nonuniform brightness can be suppressed. 
The electrode portion 44 in the electrode pattern 42 of the 

transparent electrode 13 may be made of an electrode mate 
rial containing a powder of a metal and an organic binder. The 
metal may be, for example, silver, gold, or copper. Thus, the 
resistivity and sheet resistance of the electrode portion can be 
decreased compared with the case where the transparent elec 
trode 13 is a thin film formed of a conductive transparent 
oxide. Consequently, the nonuniform brightness can be Sup 
pressed. The conductive material for the electrode pattern 42 
may be an alloy, carbon black, or the like instead of the metal. 
The electrode pattern 42 can be formed by, for example, 

printing a paste (printing ink) prepared by mixing an organic 
binder and an organic Solvent in a metal powder using a 
screen printing method, a gravure printing method, or the 
like. Examples of the organic binder include acrylic resin, 
polyethylene, polypropylene, polyethylene terephthalate, 
polymethyl methacrylate, polystyrene, polyether Sulfone, 
polyarylate, polycarbonate resin, polyurethane, polyacry 
lonitrile, polyvinyl acetal, polyamide, polyimide, diacrylic 
phthalate resin, cellulose resin, polyvinyl chloride, polyvi 
nylidene chloride, polyvinyl acetate, other thermoplastic res 
ins, and copolymers of two or more of monomers that con 
stitute the above resins. The organic binder is not limited 
thereto. 
The second lead line 46 and the second terminal portion 47 

are made of the same material as the electrode pattern 42 of 
the transparent electrode 13, but the material for the second 
lead line 46 and the second terminal portion 47 is not particu 
larly limited. When the second lead line 46 and the second 
terminal portion 47 are made of the same material as the 
electrode pattern 42 of the transparent electrode 13, the sec 
ond lead line 46, the second terminal portion 47, and the 
electrode pattern 42 can be formed simultaneously. The sec 
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ond terminal portion 47 does not necessarily have a single 
layer structure, and may have a multilayer structure including 
two or more layers. 

In the organic EL element 300 of this embodiment, the 
thickness of the reflecting electrode 11 is 80 to 200 nm, the 
thickness of the light-emitting layer 32 is 60 to 200 nm, the 
thickness of the hole transport layer 33 is 5 to 30 nm, the 
thickness of the hole injection layer 34 is 10 to 60 nm, and the 
thickness of the conductive layer 39 is 200 to 400 nm. These 
thicknesses are merely examples and are not particularly 
limited. 
As illustrated in FIG. 36, the electrode pattern 42 is formed 

in a grid-like (net-like) manner and has a plurality of openings 
41 (e.g., 6x6–36). The electrode pattern 42 illustrated in FIG. 
36 has a square lattice shape in which the shape of each of the 
openings 41 in plan view is a square, but the shape of the 
electrode pattern 42 is not limited thereto. 
An example of the dimensions of the electrode pattern 42 

having a square lattice shape in the transparent electrode 13 is 
described below. Referring to FIG.37, the line width L1 of the 
electrode portion 44 in the electrode pattern 42 may be 1 um 
to 100 um, the height H1 may be 50 nm to 100 um, and the 
pitch P1 may be 100 um to 2000 um. The line width L1, the 
height H1, and the pitch P1 of the electrode portion 44 in the 
electrode pattern 42 are not limited to the above ranges, and 
may be suitably set in accordance with the planar sizes of the 
reflecting electrode 11 and the element unit 1. Herein, the line 
width L1 of the electrode portion 44 in the electrode pattern 
42 is desirably decreased in view of utilization efficiency of 
light emitted from the light-emitting layer32. However, the 
line width L1 is desirably increased in order to suppress the 
nonuniform brightness by decreasing the resistance of the 
transparent electrode 13. Therefore, the line width L1 of the 
electrode portion 44 may be suitably set in accordance with 
the planar size of the organic EL element 300 and the perfor 
mance required for the organic EL element 300. The height 
H1 of the electrode portion 44 is set in view of a decrease in 
the resistance of the transparent electrode 13, the material 
usage efficiency in the formation of the electrode pattern 42 
by a coating method such as a screen printing method, and the 
radiation angle of light radiated from the organic layer 30. 
The height H1 is set, for example, in the range of 100 nm or 
more and 10 um or less, but is not limited thereto. 
The sealing substrate 80 serving as a cover substrate is, for 

example, a glass Substrate, but is not limited thereto. The 
sealing substrate 80 may be formed of another material such 
as a plastic plate. The glass Substrate may be made of, for 
example, soda-lime glass or alkali-free glass. The plastic 
plate may be made of polyethylene terephthalate, polyethyl 
ene naphthalate, polyether sulfone, or polycarbonate. When 
the substrate 10 is a glass substrate, the sealing substrate 80 is 
desirably a glass Substrate made of the same material as the 
substrate 10. 
The sealing substrate 80 desirably has a total light trans 

mittance for visible light of for example, 70% or more, but 
the total light transmittance is not limited thereto. The total 
light transmittance of the sealing substrate 80 is desirably as 
high as possible in view of the improvement in the light 
extraction efficiency of the organic EL element 300. The total 
light transmittance can be measured by, for example, a 
method specified in ISO 13468-1. 

In this embodiment, the sealing substrate 80 has a plate 
like shape, but may have another shape. For example, a Sub 
strate in which a recess for accommodating the element unit 
1 is formed may be provided so as to face the substrate 10, and 
the entire periphery of the recess may be bonded to the sub 
strate 10. This structure provides an advantage in that there is 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

36 
no need to use the frame unit 95, which is an additional 
member. When the sealing substrate 80 having a plate-like 
shape and the frame unit 95 are provided as different mem 
bers, both a material that satisfies the optical properties (e.g., 
light transmittance and refractive index) required for the seal 
ing substrate 80 and a material that satisfies the properties 
(e.g., gas barrier property) required for the frame unit 95 can 
be employed. 

In this embodiment, a bonding material (referred to as a 
“first bonding material) for bonding the frame unit 95 to the 
electrode-side surface of the substrate 10 is an epoxy resin, 
but is not limited thereto. The bonding material may be, for 
example, an acrylic resin. The epoxy resin or the acrylic resin 
used as the first bonding material may be, for example, an 
ultraviolet curable resin or a thermosetting resin. The first 
bonding material may be prepared by adding a filler (e.g., 
silica and alumina) to an epoxy resin. The frame unit 95 is 
bonded to the electrode-side surface of the substrate 10 so that 
airtightness is achieved over the entire surface of the frame 
unit 95 that faces the Substrate 10. 

In this embodiment, a bonding material (referred to as a 
“second bonding material) for bonding the frame unit 95 to 
the sealing substrate 80 is an epoxy resin, but is not limited 
thereto. The bonding material may be, for example, an acrylic 
resin or fritted glass. The epoxy resin or the acrylic resin used 
as the second bonding material may be, for example, an 
ultraviolet curable resin or a thermosetting resin. The second 
bonding material may be prepared by adding a filler (e.g., 
silica and alumina) to an epoxy resin. The frame unit 95 is 
bonded to the sealing substrate 80 so that airtightness is 
achieved over the entire surface of the frameunit 95 that faces 
the sealing substrate 80. 
The insulating layer 60 may be made of a material obtained 

by adding a moisture absorbent to a photo-curable resin Such 
as an epoxy resin, an acrylic resin, or a silicone resin. The 
moisture absorbent may be, for example, an alkaline-earth 
metal oxide or a sulfate. Examples of the alkaline-earth metal 
oxide include calcium oxide, barium oxide, magnesium 
oxide, and strontium oxide. Examples of the sulfate include 
lithium sulfate, Sodium sulfate, gallium Sulfate, titanium Sul 
fate, and nickel sulfate. In addition, the moisture absorbent 
may be an inorganic compound Such as calcium chloride, 
magnesium chloride, copper chloride, or magnesium oxide. 
Alternatively, the moisture absorbent may be a compound 
having moisture absorbency, such as silica gel or polyvinyl 
alcohol. The material for the moisture absorbent is not par 
ticularly limited. Among these compounds, calcium oxide, 
barium oxide, and silica gel are particularly suitably used. 
The content of the moisture absorbent in the insulating layer 
60 is not particularly limited. 
The uneven structure 130 at the interface between the 

organic layer 30 and the reflecting electrode 11 is formed in a 
pattern in which the randomness is controlled so that a pre 
determined number of the same structures or more are not 
continuously formed in the arrangement direction. For 
example, the uneven structure 130 can be formed in the pat 
tern illustrated in FIG. 23A, 24A, or 27B. The uneven struc 
ture 130 may be formed in a pattern different from the above 
patterns. As illustrated in FIGS. 32A and 32B, an uneven 
structure similar to the uneven structure 130 may beformed at 
an interface between the organic layer 112 and the transparent 
electrode 113. 
The organic EL elements described in the above embodi 

ments can be suitably used as, for example, organic EL ele 
ments for illumination, but can also be used in other applica 
tions. 
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The drawings used to describe the above embodiments are 
schematically illustrated. The ratios of the sizes and thick 
nesses of the components are not necessarily the actual 
dimensional ratios. 

Example 1 

In Example 1, the organic EL element 300 illustrated in 
FIG. 35 was produced. The production conditions of the 
organic EL element 300 in Example 1 are as follows. First, a 
substrate 10 was prepared in the production of the organic EL 
element 300 in Example 1. 
A first step was performed. In the first step, a reflecting 

electrode (cathode) 11 having a thickness of 120 nm and 
composed of an aluminum film was formed on one surface of 
the substrate 10 by a vacuum deposition method. Herein, an 
uneven structure 130 having a square-based sectional shape 
illustrated in FIG.24A was formed on a surface of the reflect 
ing electrode 11. The size W of squares of depressions and 
projections was set to be 0.8 nm and the height was set to be 
60 nm. 

After the first step, a second step of forming an organic 
layer 30 was performed. In the second step, a light-emitting 
layer 32, a hole transport layer 33, and a hole injection layer 
34 were sequentially formed. 

In the formation of the light-emitting layer 32, a solution 
prepared by dissolving a red polymer material ("Light Emit 
ting Polymer ATS111 RE” manufactured by American Dye 
Source, Inc.) in a THF solvent so as to have a concentration of 
1 wt % was applied onto the reflecting electrode 11 with a spin 
coater so as to have a thickness of about 200 nm. Subse 
quently, firing was performed at 100° C. for 10 minutes to 
form a light-emitting layer 32. The refractive index of the 
light-emitting layer 32 was about 1.8. 

In the formation of the hole transport layer 33, a solution 
prepared by dissolving TFB (“Hole Transport Polymer 
ADS259BEmanufactured by American Dye Source, Inc.) in 
a THF solvent so as to have a concentration of 1 wt % was 
applied onto the light-emitting layer 32 with a spin coater so 
as to have a thickness of about 12 nm. Subsequently, the 
resulting TFB coating film was fired at 200°C. for 10 minutes 
to form a hole transport layer 33. The refractive index of the 
hole transport layer 33 was about 1.8. 

In the formation of the hole injection layer 34, a solution 
prepared by mixing PEDOT-PSS (“CLEVIOUS P VP 
AI4083 manufactured by Heraeus, PEDOT:PSS=1:6) and 
isopropyl alcohol at a ratio of 1:1 was applied onto the hole 
transport layer 33 with a spin coater so that the PEDOT-PSS 
had a thickness of about 100 nm. Subsequently, firing was 
performed at 150° C. for 10 minutes to form a hole injection 
layer 34. The refractive index of the hole injection layer 34 
was about 1.5. 

After the second step, a third step of forming a conductive 
layer 39 was performed. In the third step, a high electrical 
conduction type PEDOT:PSS (“CLEVIOUS SHT” manufac 
tured by Heraeus) was applied by a screen printing method. 
Subsequently, a heat treatment was performed in a nitrogen 
atmosphere at 130° C. for 30 minutes to form a conductive 
layer 39. The refractive index of the conductive layer 39 was 
about 1.43. 

After the third step, a fourth step of forming an insulating 
layer 60 was performed. In the fourth step, an imide resin 
(“HRI 1783’ manufactured by OPTMATE, refractive index: 
1.78, concentration: 18%) was applied using a screenplate as 
a mask and then heat-treated in a nitrogen atmosphere at 130° 
C. for 30 minutes to form an insulating layer 60. 
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After the fourth step, a fifth step of forming an electrode 

pattern 42 was performed. In the fifth step, a Ag paste was 
applied using a screen plate having a line width of 50 Lim and 
a space width of 500 um as a mask and then heat-treated in a 
nitrogen atmosphere at 130° C. for 30 minutes to form an 
electrode pattern 42. Herein, the electrode pattern 42 was 
formed while the insulating layer 60 and the electrode pattern 
42 were aligned so as to overlap each other in the thickness 
direction. The screen plate used in the fifth step includes 
openings for forming a first lead line, a first terminal portion, 
a second lead line 46, and a second terminal portion 47. 
Therefore, in the fifth step, not only the electrode pattern 42, 
but also the first leadline, the first terminal portion, the second 
leadline 46, and the second terminal portion 47 are formed. In 
the organic EL element 300 of Example 1, a transparent 
electrode 13 including the conductive layer 39 and the elec 
trode pattern 42 serves as an anode. 

In the production of the organic EL element 300 in 
Example 1, a sixth step was performed after the completion of 
the first step to the fifth step. In the sixth step, the substrate 10 
was transferred into a glove box with a dry nitrogen atmo 
sphere at a dew point of-80°C. or less without being exposed 
to the air. A sealing cap made of alkali-free glass and includ 
ing a sealing substrate 80 and a frame unit 95 in a combined 
manner was prepared. A sealant made of an ultraviolet cur 
able epoxy resin was applied onto the frame unit 95 of the 
sealing cap. In the glove box, the sealing cap was bonded to 
the substrate 10 with the sealant so that the sealing cap and the 
Substrate 10 Surrounded an element unit 1. Thus, an organic 
EL element 300 was produced. 

Comparative Example 1 

In Comparative Example 1, an organic EL element in 
which the uneven structure 130 was removed from the 
organic EL element 300 of Example 1 was produced. The 
production conditions of Comparative Example 1 were the 
same as those of Example 1, except that the uneven structure 
130 was not formed. 
Examination Results by Experiment 
The organic EL elements of Example 1 and Comparative 

Example 1 were produced, and the light extraction efficiency 
was measured. Table 2 shows the results. 

TABLE 2 

Light extraction 
Uneven structure efficiency ratio 

Yes 
No 

1.61 
1.OO 

Example 1 
Comparative Example 1 

Table 2 shows the “light extraction efficiency ratio”, which 
is a relative value of the light extraction efficiency of the 
organic EL element in Example 1 when the light extraction 
efficiency of the organic EL element in Comparative Example 
1 is assumed to be 1.0. The light extraction efficiency was 
measured as follows. A constant current having a current 
density of 10 mA/cm was caused to flow using a DC power 
source (2400 manufactured by Keithley Instruments Inc.) 
between the second terminal portion 47 and the first terminal 
portion of each of the organic EL elements of Example 1 and 
Comparative Example 1. The total radiant flux was measured 
with an integrating sphere, and the light extraction efficiency 
was determined on the basis of the measurement results. 
Furthermore, a constant current having a current density of 10 
mA/cm was caused to flow using a DC power source (2400 
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manufactured by Keithley Instruments Inc.) between the sec 
ond terminal portion 47 and the first terminal portion of each 
of the organic EL elements of Example 1 and Comparative 
Example 1. The brightness of light emitted at an angle of 0 to 
80° was measured with aluminance meter (“SR-3’ manufac 
tured by TOPCON TECHNOHOUSE CORPORATION) to 
calculate the light extraction efficiency. 
As is clear from Table 2, the light extraction efficiency of 

the organic EL element of Example 1 is 1.61 times higher than 
that of the organic EL element of Comparative Example 1. 
An organic EL element of Comparative Example 2 in 

which the uneven structure 130 of the organic EL element 300 
in Example 1 was changed to a diffraction grating having a 
periodical pattern was produced. The pitch of the depressions 
and projections was 1 um and the height of the depressions 
and projections was 60 nm. FIG. 38 illustrates the viewing 
angle dependence in Example 1 and Comparative Example 2. 
In Example 1 in which the random structure illustrated in 
FIG. 24A was used, gently curved viewing angle character 
istics were achieved. In Comparative Example 2 in which the 
diffraction grating was used, the intensity rapidly changed 
depending on the angle. Thus, it can be confirmed that the 
viewing angle dependence was improved in Example 1. In 
addition, the extraction efficiency was higher in the random 
structure than in the diffraction grating. 

FIG. 39 shows the measurement results of spectrum-in 
creasing ratios between Example 1 and Comparative 
Example 1 and between Comparative Example 2 and Com 
parative Example 1. Herein, the spectrum-increasing ratios of 
Example 1 and Comparative Example 2 were calculated with 
respect to the intensity of each wavelength component in 
Comparative Example 1 in which no uneven structure was 
formed. As shown in FIG. 39, the spectrum intensity was 
increased only at a wavelength of about 630 nm in Compara 
tive Example 2 in which the diffraction grating was used 
whereas the spectrum intensity was increased in a wide range 
in Example 1 in which the random structure was formed. This 
is because the random structure illustrated in, for example, 
FIG. 24A has frequency components in a relatively wide 
range. 

Next, the comparison result between the completely ran 
dom pattern illustrated in FIG.22 and the controlled random 
pattern (low frequency-removed structure) illustrated in FIG. 
24A will be described. FIG. 40 shows the calculation result of 
the proportion of an emission amount relative to the size W of 
a structure in each of the patterns. As shown in FIG. 40, when 
w is in the range of 300 nm to about 3.0 um, the pattern 
illustrated in FIG.24A provides a higher improvement effect 
than the pattern illustrated in FIG. 22. In the structure illus 
trated in FIG. 24A, the range of w suitable for Suppressing a 
surface plasmon is 100 nm or more and 1500 nm or less as 
described above. Therefore, in the range of 300 nm or more 
and 1500 nm or less, an effect of suppressing the surface 
plasmon due to the low frequency-removed structure and an 
effect of increasing the emission amount can be simulta 
neously produced. Herein, w is not limited to the above range, 
and a relatively large emission amount can be achieved as 
long as w is in the range of 100 nm or more and 3000 nm or 
less. 

FIG. 41 is a graph showing the dependence of the propor 
tion of an emission amount relative to the height of depres 
sions and projections in the low frequency-removed structure 
illustrated in FIG. 24A. Herein, the calculation was con 
ducted on the assumption that w =500 nm. As in the case of the 
periodical structure illustrated in FIG. 6, the proportion of the 
emission amount is Substantially constant when the height of 
depressions and projections is about 100 nm or more. Con 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

40 
sequently, the generation of the Surface plasmon can be Sub 
stantially suppressed. The height of the uneven structure is 
typically set to be 100 nm or less to prevent the leakage path 
of an electric current from being formed when the difference 
in level between depressions and projections is larger than the 
thickness of each layer of the organic layer adjacent to the 
uneven Structure. 

According to the above embodiments, there can be pro 
vided a light-emitting device in which color irregularity and 
nonuniform brightness are Suppressed while the emission 
efficiency is improved by Suppressing the influence of a Sur 
face plasmon. 
The light-emitting device of the present disclosure can be 

widely used as a light-emitting device for flat panel displays, 
backlight units for liquid crystal displays, light sources for 
illumination, and the like. 
What is claimed is: 
1. A light-emitting device comprising: 
a light-emitting element including a transparent electrode, 

a reflecting electrode, and an organic layer that includes 
a light-emitting layer and is sandwiched between the 
transparent electrode and the reflecting electrode; 

a transparent multilayer body including a low-refractive 
indeX layer and a high-refractive-indeX layer, the high 
refractive-index layer having higher refractive index 
than that of the low-refractive-index layer and being 
provided in contact with the transparent electrode: 

a first uneven structure at an interface between the low 
refractive-index layer and the high-refractive-index 
layer, the first uneven structure including depressions 
and projections, a height of each of the projections rela 
tive to the depressions being 400 nm or more; and 

a second uneven structure at an interface between the 
reflecting electrode and the organic layer, the second 
uneven structure including depressions and projections, 
a height of each of the projections relative to the depres 
sions in the second uneven structure being 20 nm or 
more and 100 nm or less. 

2. The light-emitting device according to claim 1, 
wherein the first uneven structure has a shape in which the 

depressions and the projections are two-dimensionally 
arranged in a periodical manner, and 

the first uneven structure has an average pitch of 800 nm or 
more and 6 um or less. 

3. The light-emitting device according to claim 1, wherein 
the first uneven structure has an uneven shape in which at least 
two types of unit structures are two-dimensionally arranged 
in a random manner, each type of the unit structures having a 
pattern formed by one or more depressions and one or more 
projections. 

4. The light-emitting device according to claim3, wherein, 
assuming that a minimum length of minor axes of ellipses 
inscribed in plane sections of the depressions and plane sec 
tions of the projections in the first uneven structure is w, the 
amount of pitch components with larger than 2W among pitch 
components of a pattern of the uneven shape is Smaller than 
that in a case where the depressions and the projections are 
randomly arranged. 

5. The light-emitting device according to claim 3, wherein 
w in the first uneven structure is 400 nm or more and 3 um or 
less. 

6. The light-emitting device according to claim 1, wherein 
the second uneven structure has a shape in which the depres 
sions and the projections are two-dimensionally arranged in a 
periodical manner. 

7. The light-emitting device according to claim 1, wherein 
the second uneven structure has an uneven shape in which at 
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least two types of unit structures are two-dimensionally 
arranged in a random manner, each type of the unit structures 
having a pattern formed by one or more depressions and one 
or more projections. 

8. The light-emitting device according to claim 7, wherein, 
assuming that a minimum length of minor axes of ellipses 
inscribed in plane sections of the depressions and plane sec 
tions of the projections in the second uneven structure is w, 
the amount of pitch components with larger than 2 w among 
pitch components of a pattern of the second uneven structure 
is Smaller than that in a case where the depressions and the 
projections are randomly arranged. 

9. The light-emitting device according to claim 7, wherein 
w in the second uneven structure is 100 nm or more and 3000 
nm or less. 

10. The light-emitting device according to claim 7, wherein 
in the second uneven structure, more than a predetermined 
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number of depressions or projections are not continuously 
arranged in an arrangement direction. 

11. The light-emitting device according to claim 1, wherein 
a pattern of the first uneven structure is identical to a pattern 
of the second uneven structure. 

12. The light-emitting device according to claim 1, wherein 
an average pitchin the second uneven structure is Smaller than 

-l 
C &org&metal 

Yur = 3, Im () &org &metal 

where e represents a complex dielectric constant of the 
organic layer, 6, represents a complex dielectric constant 
of the reflecting electrode, () represents an average emission 
frequency, and c represents a speed of light in a vacuum. 

k k k k k 


